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I.  INTRODUCTION 

The  primary  objective  of  the  DARPA-sponsor ed  laser  re¬ 
search  program  at  AERL  {Contract  No.  N00014-75-C-0063)  has  been 
to  identify  lasers  in  the  visible  to  near  ultraviolet  wave¬ 
length  range  which  offer  the  capability  for: 

•  long-range  propagation 

•  volumetric  scaling  to  high-average  power 

•  high-efficiency  operation  ( v  >  5  -  10%) 

In  addition  to  long-range  applications,  improved  visible 
and  ultraviolet  lasers  would  find  a  variety  of  other  uses,  both 
military  and  non-military.  In  fact,  some  of  these  uses  would 
have  much  less  severe  performance  requirements  than  those  des¬ 
cribed  above.  Military  applications  include  optical  radar, 
remote  atmospheric  and  meteorological  measurements  using  Raman 
backscatter,  and  oceanograph ic  measurements  using  wavelengths 
in  the  blue-green  portion  of  the  spectrum.  Non-military  appli¬ 
cations  include  laser  pellet  fusion,  isotope  separation,  and 
laser-induced  chemistry. 

Among  the  ideas  which  have  been  proposed,  excimer  lasers 
stand  out  since  they  offer  rapid,  volumetric  removal  of  the 
lower  laser  leve.' .  The  basic  principle  of  a  so-called  excimer 
laser  is  illustrated  in  Figure  1.  The  two  species  A  and  B  are 
repulsive  or,  at  most,  weakLy  bound  in  their  ground  states. 
However,  when  one  of  them  (specie  A)  is  raised  to  an  electroni¬ 
cally  excited  state  it  can  combine  with  the  other  species  to 

★ 

form  an  excited  dimer  (or  "excimer")  AB  .  This  molecule  can 

then  radiate,  or  lase,  to  the  ground  state,  as  indicated, 

whereupon  it  immediately  falls  apart  on  time  scales  of  the 
-12 

order  10  sec,  removing  the  lower  laser  level  and  assuring 
an  inversion  from  excimer  transitions.  If  the  lower  laser 
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ENERGY 


Figure 


D9oi  i  SEPARATION 


1.  Molecular  Energy  Level  Diagram  Illustrating  the 
Principle  of  an  Excimer  Laser 
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level  is  rapidly  removed,  large  intra-cavity  fluxes  can  be  used 

to  efficiently  extract  every  upper  laser  level  formed  in  the 

pumping  sequence.  In  this  fashion,  maximum  efficiency  can  be 

attained  within  the  limits  of  kinetic  branching  ratios  and 

quantum  efficiences  with  which  the  upper  level  is  formed. 

Ordinarily,  excimer  emission  is  rather  broadband  since  it 

corresponds  to  a  bound-free  or  bound-weakly  bound  transition. 

Consequently,  the  simulated  emission  cross  section  is  rela- 

"18  “19  2 

tively  small  (~10  -  10  cm  )  ,  even  for  allowed 

transitions,  and  enormous  pumping  rates  are  required  to  achieve 

useful  gain.  The  principal  achievement  in  the  DARPA-sponsored 

AERL  laser  research  program  has  been  the  demonstration  of  a  new 

class  of  excimer  lasers.  The  excimer  transition  in  these  lasers 

is  characterized  by  structured  emission  having  strong  stimu- 

“16  2 

lated  emission  cross  sections  (~  10  cm  )  which  provide 
the  opportunity  for  efficient  laser  operation. 

These  new  laser  molecules  have  an  excited  state  AB*  which 
is  described  physically  as  a  bound  ion  pair  A+B  in  which 
the  B  atom  is  a  halogen  (B  =  F,  Cl,  Br,  I).  These  character¬ 
istics  have  several  important  consequences  which  lead  to  poten¬ 
tial  high-efficiency,  high-powered  scalability  of  these 
lasers.  To  summarize,  the  ion  pair  A+B 

•  can  be  selectively  excited  by  direct  e-beam  or  dis¬ 
charge  pumping  by  efficient  reaction  kinetics,  and 

•  can  be  formed  in  a  discharge  which  is  stabilized  by 
the  presence  of  the  halogen  atom  B. 

The  possibility  of  pumping  via  a  stabilized  discharge  allows 

•  optimum  matching  of  electrical  circuitry  to  the  con¬ 
stant  impedance  laser  load,  thus  optimizing  overall 
efficiency, 

•  volumetric  scalability  which  can  be  achieved  utilizing 
e-beam  ionization  of  the  discharge  medium, 

•  a  greater  pulse  repetition  frequency  than  a  pure 
e-beam  device. 
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Exploratory  research  at  AERL  has  identified  four  new 
classes  of  lasers  which  have  wavelengths  in  the  200-550  nm 
range.  The  lasers  are  based  on  molecules  having  excited  ion 
pair  states  which  serve  as  the  upper  laser  level.  Depending  on 
the  specific  molecule,  the  lower  laser  level  is  either  dissoci¬ 
ative,  weakly  bound,  or  collisionally  quenched.  The  four 
classes  include: 

•  Rare  Gas  Halides 

•  Halogens 

•  Mercury  Halides 

•  Interhalogens 

This  final  report  will  review  the  research  performed  and  accom¬ 
plishments  achieved  for  each  class  of  laser  molecule. 

Lasers  which  have  been  demonstrated  at  AERL  under  this 
contract  and  in  other  laboratories  are  shown  in  Table  1.  The 
AERL  research  effort  has  been  three  pronged.  First,  a  basic 
theoretical  and  experimental  understanding  of  the  new  molecules 
has  been  achieved  under  this  contract  by  studying  the  kinetics 
and  spectroscopy  of  these  species.  Second,  lasing  experiments, 
using  e-beam  excitation,  have  been  performed  under  this  con¬ 
tract  to  demonstrate  laser  candidates  and  optimize  the  laser 
efficiency.  Thirdly,  research  on  electric  discharge  pumping 
techniques  under  other  AERL/DARPA  contracts  has  been  closely 
coupled  with  the  molecular  research  to  find  scalable  means  to 
excite  these  systems.  This  approach  has  yielded  the  following 
significant  results:  laser  action  was  first  demonstrated  on 
XeF  (335  nm),(6)  XeCl  (308  nm),(4>  KrF  (248  nm),(4)  I2 
(342  nm),(10)  HgCl  (558  nm) (12)  and  HgBr  (502  nm) (13)  at 
AERL;  an  accurate,  predictive,  experimentally  verified  model 

has  been  developed  to  describe  the  chemical  binding  and  spec- 

(17  18) 

troscopy  of  the  rare  gas  halides  '  and  the  interhalogen 

transitions;  the  first  electric  discharge  pumped  KrF  laser  was 

(19) 

developed  at  AERL;  an  accurate  model  has  been  developed 
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TABLE  1 

CLASS 

RARE  GAS  HALIDE 

HALOGEN 

MERCURY  HALIDE 

INTERHALOGEN 

J4217 


.  A  SUMMARY  OF  EXCIPLEX  LASERS  AND 
THEIR  LASING  WAVELENGTHS 


MOLECULE 

AERL 

X  (nm) 

REFERENCE 

ArF 

193 

1 

KrCI 

222 

2.  3 

KrF 

• 

249 

4 

XaBr 

282 

5 

XaCI 

• 

308 

4 

XeF 

• 

351 

6 

500 

F2 

158 

8 

Br2 

• 

292 

9 

'2 

• 

342 

10 

Hgl 

440 

11 

HgBr 

• 

502 

12 

HgCI 

• 

558 

13 

CIF 

284 

14 

IF 

491 

15 
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to  describe  the  KrF  laser  discharge;  an  analysis  of  dis- 

(  21 ) 

charge  stability  in  such  systems  has  been  given;  high 

(22) 

intrinsic  efficiency  has  been  demonstrated  for  KrF,  and 

(23) 

more  recently  on  XeF;  the  scaling  laws  for  the  direct 

e-beam  pumped  KrF  laser  have  been  successfully  demon- 
(24) 

strated;  discharge  pumping  of  the  Br_  laser  has  been 

(2  5)  ^ 

demonstrated  under  IR&D  funding  and  a  sound  understanding 

of  the  kinetics  for  both  rare  gas  halides  and  halogen  lasers  is 
emerging.  Under  this  contract,  theoretical  calculations  of 
photoabsorption  loss  processes  in  disharge  excited  noble  gases; 
and  radiative  lifetimes  of  the  mercury  halides  have  been  per¬ 
formed  . 

The  significance  of  the  AERL  effort  lies  in  the  fact  that 
this  new  class  of  lasers  offers  the  potential  of  both  high 
overall  electrical  efficiency  (>10%)  and  high  average  laser 
power.  It  is  relevant  to  indicate  the  utility  which  these 
lasers  have  shown  to  fulfill  various  DOD  and  DOE  program 
requirements.  The  KrF*  laser  has  demonstrated  ~  10%  intrinsic 
efficiency  and  is  currently  under  DOE  development  to  satisfy 
laser  fusion  driver  system  requirements  of  1-4  MJ  energies  at 
overall  efficiencies  of  ~  5%.  The  XeF*  laser  has  demonstrated 
~  6%  intrinsic  efficiency  and  is  currently  under  DARPA  technol¬ 
ogy  development  for  scale-up  to  large  single-pulse  energies  and 
repped-pulse  operation.  This  work  will  be  a  significant  step¬ 
ping  stone  to  the  first  high  efficiency,  high  average  power 
short  wavelength  laser.  The  HgBr*  laser  has  demonstrated  ~  1% 
intrinsic  efficiency  and  XeCl*  ~  5%  intrinsic  efficient;  both 
are  leading  candidates  in  DARPA  repped-pulse  development  pro¬ 
grams  for  sea  water  propagation  applications.  High-repetition 
rate  KrF*  and  XeF*  lasers  at  ~  5-10  kHz  are  under  development 
for  Los  Alamos  Scientific  Laboratory  and  Lawrence  Livermore 
Laboratory  to  provide  laser  capabilities  for  isotope  separation. 


12 


^tfAVCO  EVERETT 


RARE  GAS  HALIDE  RESEARCH 


II . 

A.  EXPERIMENTAL  APPARATUS 

The  experimental  results  observed  at  AERL  were  obtained 
with  a  high-intensity  e-beam  which  was  used  to  pump  high-pressure 
mixtures  of  Ar,  Xe  and  the  halogens.  The  e-beam  gun  is  shown  in 
Figures  2  and  3.  The  e-beam  produced  by  this  gun  has  an  energy 
of  ~  400  keV/electron,  and  an  intensity  of  about  30  A/cm  pass¬ 
ing  through  the  foil,  over  an  area  of  ~  1  cm  by  15  cm.  For 

2 

laser  experiments  the  intensity  is  increased  to  about  150  A/cm 
through  the  foil  at  the  expense  of  lowering  the  energy  to  about 
300  keV/electron .  The  duration  of  the  e-beam  pulse  is  ~  100  ns, 
with  a  10  ns  risetime  and  a  20  ns  fall  time.  The  gun  has  proved 
to  be  very  reliable,  and  dozens  or  hundreds  of  shots  are  generally 
obtained  between  foil  failures. 

The  cell  is  mounted  directly  on  the  e-beam  gun  as  shown  in 
Figure  4.  Several  cells  are  available,  including  stainless  steel 
cells  with  brazed  sapphire  windows  capable  of  operating  at  tempera 
tures  up  to  900°F  and  pressures  up  to  100  psia.  In  the  present 
experiment  an  aluminum  cell  is  used  which  is  compatible  with 
fluorine.  The  valves  are  stainless  steel  and  the  windows  are 
sapphire  or  quartz.  For  maximum  reliability,  a  0.001  in  stainless 
steel  foil  is  generally  used.  Titanium  is  corroded  by  the  halo¬ 
gens  and  aluminum  is  not  as  strong  as  stainless  steel.  However, 
for  maximum  e-beam  transmission,  aluminized  kapton  films  are  used. 
The  cell  can  be  warmed  up  using  built-in  cartridge  heaters  to  pro¬ 
vide  a  mild  bakeout.  The  cell  can  be  pumped  out  to  an  ultimate 

-5  -4 

vacuum  of  better  than  10  Torr  with  a  leak  rate  better  than  10 

Torr/hr.  Therefore,  purity  is  not  a  problem. 

The  gases,  except  I2  vapor,  are  premixed  in  stainless  steel 
tanks  and  allowed  to  stand  for  several  hours,  or  even  several  days 
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Figure  2.  Photograph  of  the  AERL  High  Intensity  E-Beam  Gun 
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Figure  3.  Cross-Sectional  View  of  the  High  Intensity  E-Beam 
Gun  and  Laser  Cell 
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to  assure  that  they  are  fully  mixed  when  they  are  used.  The 
iodine  crystals  were  obtained  from  Merck  and  are  claimed  to  be 
>  99%  pure.  They  were  placed  in  a  small  stainless  steel  sample 
cylinder  attached  to  the  cell  through  a  stainless  steel  valve. 

The  crystals  and  sample  cylinder  were  repeatedly  allowed  to  out- 
gas  at  room  temperature  (under  vacuum  but  valved  off)  and  then 
cooled  with  liquid  ^  and  pumped  out.  The  vapor  is  introduced 
directly  into  the  evacuated  cell  and  allowed  to  come  into  equilib¬ 
rium.  The  rare  gases  are  the  admitted  to  the  desired  pressure 
and  allowed  to  mix.  Mixing  is  occasionally  stimulated  by  firing 
the  e-beam  gun  to  warm  the  gas  in  the  irradiated  region.  The 
liquid  bromine  was  similarly  outgassed  by  repeated  freeze,  pump, 
thaw  cycles.  Prior  to  making  the  measurements  with  F the  cell 
and  mixing  manifold  were  passivated  by  filling  them  with  an  F^- 
rich  mixture  at  low  pressure  (a  few  Torr  to  half  an  atmosphere) 
for  several  hours. 

The  diagnostics,  shown  in  Figure  4  include  time-integrated 
and  time-resolved  emission  measurements,  as  well  as  laser  absorp¬ 
tion  measurements.  The  time-integrated  emission  measurements  are 
made  with  quarter-meter  and  half-meter  Hilger  quartz  prism  instru¬ 
ments,  using  film.  Generally,  at  high  pressures,  one  shot  is 
sufficient  to  provide  a  medium  resolution  spectrum  using  50  um 
slits.  This  corresponds  to  a  wavelength  resolution  of  ~  0.1  nm. 
The  time-resolved  emission  measurements  are  made  with  a  Jarrel-Ash 
one-quarter  meter  f/3.5  Ebert  monochromater  with  a  1P28  photo¬ 
multiplier  tube,  and  Tektronix  551  oscilloscopes  with  type  K  and 
L  preamps.  The  spectral  resolution  of  this  system  is  about  0.1  nm. 
The  time  resolution  is  limited  by  the  oscilloscopes  to  ~  10  ns. 

To  provide  an  adequate  signal-to-noise  ratio,  it  has  been  found 
necessary  to  provide  adequate  lead  shielding  aroung  the  photo¬ 
multiplier  to  screen  out  X-rays.  In  addition,  it  has  been  nec¬ 
essary  to  place  the  oscilloscopes  in  a  screen  room  and  provide 
careful  grounding  and  shielding  of  the  photomultiplier.  Because 
of  the  intense  emission  observed  from  the  rare  gas  halides  it  has 
been  found  necessary  to  take  extreme  care  to  prevent  saturation  of 
the  photomultiplier.  17 
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Finally,  laser  optics  and  alignment  equipment  are  available 
for  laser  experiments.  The  optical  cavity  consists  of  two  high- 
reflectivity  mirrcrs  separated  by  about  25  cm.  A  stable  resonator 
configuration  is  used  in  which  one  mirror  has  aim  radius  of 
curvature  and  the  other  is  flat.  To  reduce  the  losses,  the  nor¬ 
mal  incidence  windows  are  aligned  with  the  cavity.  The  alignment 
is  carried  out  with  a  Davidson  Optronics  alignment  telescope. 
Alignment  accuracy  of  about  0.1  mrad  is  easily  achieved,  although 
much  larger  misalignments  have  no  observable  effect  on  the  results 
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B.  RARE  GAS  HALIDE  SPECTROSCOPY 

The  speactra  of  these  molecules  were  first  observed  in  low 

(26) 

pressure  flowing  afterglows  by  Setser  and  by  Golde  and 

(27) 

Thrush.  In  these  experiments  C^  was  mixed  with  Ar  which 

had  been  previously  excited  by  means  of  a  microwave  discharge. 

The  rare  gas  halides  were  then  formed  by  the  reaction 

Ar*  +  C‘’  Ar  Cf  *  +  CT  ,  (1) 

m  2 

where  Ar*  is  a  metastable  state  of  Ar.  The  emission  from  the 
m 

excited  ArCf*  was  observed  to  be  very  bright,  leading  Golde  and 
Thrush  to  estimate  that  the  efficiency  for  producing  the  excited 
state  was  "more  than,  and  possibly  much  more  than,  10%. "  How¬ 
ever,  because  of  its  short  wavelength  (170  nm)  ArC*:  itself  did 
not  seem  to  be  an  interesting  molecule.  At  this  point,  a  theory 

was  developed  at  AERL  to  predict  the  wavelengths  at  which  the 

(17) 

other  rare  gas  halides  should  emit.  Subsequent  experiments 

(28) 

carried  out  at  AERL  and  elsewhere'  substantially  confirm  the 
theoretical  predictions.  This  section  will  review  the  spectro¬ 
scopic  measurements  carried  out  under  this  contract  which  char¬ 
acterize  the  fluorescence  and  lasing  spectra  of  the  rare  gas 
halide  molecules. 

1 .  Fluorescence  Spectra 

Some  results  of  the  time-integrated  spectral  measurements 

are  shown  in  Figs.  5  through  8.  In  the  Xel  spectrum.  Figure  5, 

2  2 

we  see  the  E  -*■  E  transition  sharply  peaked  at  about  254  nm,  and 

shading  off  toward  the  blue  with  little  strucutre.  The  broad, 

2  2 

smooth  E  ■*  II  transitions  are  also  evident  at  325  and  360  nm. 

2  2 

In  the  XeBr  spectrum.  Figure  6,  we  see  the  E  -*•  E  band  sharply 

peaked  at  282  nm.  This  band  shades  off  toward  the  blue  with  a 

diffuse  vibrational  structure  superimposed  on  the  continuum.  In 

2  2 

the  XeC£  spectrum.  Figure  7,  the  E  E  band  peaks  at  308  nm, 
and  shades  off  toward  the  blue  with  a  sharper  vibrational  struc¬ 
ture.  From  the  separation  of  the  vibration  peaks  we  find  that 
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Figure  5.  Microdensitometer  Tracing  of  Spectral  Plate  of 

Spontaneous  Emission  Spectrum  of  Xel.  The  proposed 
broadband  lasers  for  Xel  would  operate  on  the  lower 
intensity  bands  assigned  as  2^  ■+•  2^. 
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At/  =  210  cm1 


289.4  265.2  253.7 

l032  WAVELENGTH  (nm) 

2  2 

Figure  6.  Densitometer  Trace  of  XeBr  (  I  ■*  l)  Emission 
Spectrum 
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A  1/  =  210cm-* 


Figure  7. 


Densitometer  Trace  of  XeC£ 
Spectrum 


i2l  -*  2Z) 


Emission 
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WAVELENGTH  (nm) 


Figure  8. 


2  2 

Densitometer  Trace  of  XeF  (  Z  ■*  Z)  Emission 
Spectrum 
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Since  the  vibrational 


the  vibrational  spacing  is  ~  210  cm 

spacing  in  cesium  chloride  is  209  cm  \  this  provides  strong 

2  2 

support  for  alkali  halide  model.  The  -*  band  of  the  XeF 

molecule,  shown  in  Figure  8  peaks  near  353  nm  and  shades  off 

toward  the  blue.  Although  the  broad  structure  of  this  band  is 

2  2 

similar  to  that  of  the  X  Z  bands  of  the  other  molecules, 

much  more  structure  is  evident.  This  is  to  be  expected  since 

XeF~,  XeF.  and  XeF  are  observed  to  be  stable  at  room  tempera- 
z  ( 29 ) q  b 

ture.  Moreover,  the  predicted  wavelength  shown  in  Table  2 

is  too  long  for  XeF.  The  shift  corresponds  to  about  3000  cm  1 . 

This  is  less  than  the  bond  strength  of  XeF  which  is  estimated  to 
be  between  3500  and  7000  cm-'*'.  The  difference  can  be  accounted 
for  by  assuming  that  the  transition  takes  place  to  a  high  vibra¬ 
tional  level  of  the  ground  electronic  state,  as  shown  in  Figure 
9.  Further  support  for  this  conjecture  comes  from  what  is  known, 
or  can  be  estimated,  regarding  the  bond  lengths  of  the  upper  and 
lower  electronic  states.  According  to  the  alkali  halide  model, 
the  bonl  length  in  the  upper  state  should  be  about  2.3  8,  whereas 

the  observed  bond  length  in  XeF.,  is  2.0  Beacuse  of  its 

^  2  2 

complexity,  the  vibrational  structure  of  the  XeF  (  Z  -*•  Z)  band 
emission  is  difficult  to  analyze.  There  appear  to  be  two  series 
of  vibrational  lines  in  XeF  spectrum.  Each  series  has  a  spacing 
of  about  300  cm  ^  and  the  two  series  are  displaced  with  respect 
to  each  other  by  about  160  cm  The  conjecture  is  that  the 

300  cm  1  spacing  represents  the  vibrational  spacing  of  the  ex¬ 
cited  XeF,  while  the  160  cm  *  spacing  represents  the  vibrational 
spacing  in  the  upper  levels  of  the  ground  electronic  state.  The 
vibrational  spacing  in  CsF  is  365  cm  *  and  the  vibrational  spac¬ 
ing  in  electronically  excited  XeF  should  be  about  the  same,  in 
fair  agreement  with  the  observed  399  cm  spacing.  The  vibrational 

level  spacing  of  the  XeF_(v..)  (asymmetric  stretch)  mode  is  560 
-1  (29)  z  J 

cm  .  However,  the  bond  strength  of  XeF  is  expected  to  be 

quite  a  bit  smaller  and  therefore  the  vibrational  frequency  should 
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TABLE  2.  PREDICTED  FEATURES  OF  INERT-GAS 
MONOHALIDES  FROM  REF.  17 


Molecule 

R,x(£>a 

Rq(£) 

A  l  (nm) 

A  ^nml 

A  , (nm 

Xel 

1  9.  2 

6.  3 

3 »  * 

391  39 

2  56 

302 

342 

\e!'.  r 

32.  0 

1  3.  Q 

3. 

34272 

292 

354 

407 

XeC  1 

71.  9 

c 

2.  ■« 

30860 

3  24 

402 

41  7 

Xel 

39.  6 

c 

2.  35 

25895 

386 

503 

M2 

KrI 

M.  1 

5.  2 

2.  « 

4935  3 

302 

231 

252 

K  rC  1 

30.  5 

9.  8 

2  8 

4939^ 

219 

2  9  3 

2-8 

Kr  !•' 

22.  7 

c 

2.  27 

39229 

2  56 

301 

3  )  4 

Arl’  r 

1  7.  0 

3.  2 

2.  8 

62152 

161 

178 

1  90 

A  rC  1 

24.  1 

4.  3 

2.  7 

58042 

172 

192 

1  95 

A  r  1 ' 

1  8.  9 

c 

2.  17 

37484 

190 

214 

218 

Ne  F 

9.  6 

2.  6 

1.  93 

93266 

1  97 

115 

1  1  5 

a.  R  is  the  crossing  radius  of  M  X  with  M  +  X. 

Pi. 

b.  R^  is  the  crossing  radius  of  M+X  with  M  +  X  . 

c.  These  species  have  halogen  excited- state  levels  only  above  the  inert-gas 
excitation  levels.  Hence,  no  R^  crossing  occurs. 

d.  >3  is  the  predicted  wavelength  of  the  broadband  terminating  on  the  Z^\/z 
lower  state,  lor  all  but  Xel,  Xei3r,  Krl3r,  and  KrI,  the  and  A^  bands 
are  overlapped. 

e.  For  Arl,  Nel,  NeBr,  NeC  1 ,  and  the  helium  halides  the  inert-gas  ionization 
potential  is  so  large  that  the  Coulomb  curve  does  not  made  up  sufficient 
energy  to  approach  the  low-lying  halogen  excited  states.  The  compounds 
should  only  have  small  well  depths  and  the  molecular  continua  should  be  near 
the  free  atom  lines.  Possibly  ionic  states  of  opposite  polarity,  viz.  Ne-  4  1+  , 
could  enter  into  the  binding. 
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Figure  9 


Potential-Energy  Curves  for  Xenon  Fluoride 
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be  correspondingly  smaller.  Thus,  the  low  value  of  the  vibrational 
spacing  in  the  ground  electronic  state  may  be  accounted  for  by 
the  relatively  weak  bond  strength  in  XeF  compared  to  XeF^,  and 
the  high  vibrational  level  to  which  the  fluorescence  takes  place. 
The  obserfved  width  of  the  vibrational  peaks  in  the  XeF  spectrum 
is  due  to  unresolved  rotational  structure.  A  theoretical  rota¬ 
tional  band  profile  corresponding  to  a  single  vibrational  transi¬ 
tion  has  been  constructed  using  the  estimated  bond  lengths  for 
the  upper  and  lower  levels.  Typically,  near  the  center  of  the 
rotational  band,  the  individual  rotational  lines  are  separated 
by  ~  4  cm  ■*" .  The  pressure  width  of  these  lines  at  1  atm  is  esti¬ 
mated  to  be  ~  0.03  cm  ,  which  is  small  compared  to  the  rota¬ 

tional  line  spacing.  However,  the  individual  rotational  levels 
will  be  split  into  six  spin-orbit  components.  If  the  spin-orbit 
splitting  is  large  compared  to  the  pressure  width  of  the  lines, 
the  resulting  spectrum  will  be  essentially  a  continuum.  To  esti¬ 
mate  the  stimulated  emission  cross  section  it  will  be  assumed 
that  the  rotational  band  may  be  approximated  by  a  structureless 
continuum.  If  the  spin-orbit  splitting  is  small  compared  with 
the  pressure  width  of  the  rotational  lines  there  will  be  spaces 
between  the  lines  and  the  gain  at  the  peak  of  the  lines  will  be 
larger.  Consequently,  the  gain  calculated  on  the  basis  of  a 
continuous  rotation  band  provides  a  lower  limit  to  the  gain  which 
might  be  expected. 

A  potential  difficulty  of  the  XeF  system  is  the  possibility 
of  bottlenecking  in  the  lower  laser  level.  If  the  bond  energy 
in  the  lower  laser  level  is  much  greater  than  the  temperature, 
dissociation  from  the  lower  laser  level  will  not  take  place.  On 
the  other  hand,  if  the  emission  takes  place  to  a  high  vibrational 
level  of  the  lower  electronic  state,  vibrational  relaxation  to 
lower  level  vibrational  levels  may  prevent  bottlenecking.  Using 
the  semiempirical  theory  of  Milikan  and  White  the  relaxation 

time  is  estimated  to  be  ~  30  ns-atm  for  collisions  with  argon 
atoms.  The  vibrational  relaxation  time  may  be  shorter  than  this 
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if  vibration-rotation  interaction  is  important.  In  fact,  rota¬ 
tional  relaxiation  itself  may  help  relieve  the  bottlenecking 
problem. 

2 .  Laser  Spectra 

The  laser  spectra  and  corresponding  fluorescence  spectra 
of  KrF  and  XeCJ.  are  shown  in  Figures  10  and  11.  The  details  of 
the  laser  characteristics  are  presented  in  Ref.  4. 
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WAVELENGTH  (nm) 


10.  Comparison  of  Spontaneous  and  Laser  Emission 
Spectra  from  KrF 
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Xe  CZ*  SPECTRAL  COMPARISON 


Figure  11. 


Comparison  of  Spontaneous  and  Laser 
Spectra  from  XeCZ 


Emission 
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C.  STRUCTURE  OF  THE  RARE  GAS  HALIDES 

Figure  12  shows  a  schematic  molecular  potential  energy  level 
diagram  for  a  rare  gas  monohalide.  One  can  see  that  these  lasers 
utilize  lower  level  dissociation.  The  upper  laser  level,  denoted 


as  MX*,  is  bound  with  respect  to  dissociation  into  an  inert  gas 

atom  Ma  nd  an  excited  halogen  atom,  X*.  It  is  also  bound  with 

respect  to  M*  +  X.  The  ionic  nature  of  these  excited  states  has 
(17  18  28  81) 

been  discussed.  '  '  '  '  The  excited  state  is  nothing  more 

than  a  positively  charged  inert  gas  ion,  M+ ,  and  a  negative  halo¬ 
gen  ion,  X-,  held  together  by  coulombic  rather  than  covalent 
forces.  Predictions  made  at  AERL  under  previous  ARPA  sponsor¬ 
ship  of  various  properties  of  these  excited  species  are  based 


on  the  similarity  of  these  excited  states  to  the  ionic  ground 
states  of  the  nearly  isoelectric  alkali  halide  ground  states. 


These  predictions  are  accurate  to  within  a  few  percent. 


(17,18,32) 


The  similarity  of  the  excited  ionic  states  of  the  rare  gas  mono¬ 
halides  to  ground  state  alkali  halides  derives  from  the  fact  that 
a  rare  gas  halide  ionic  excited  state  differs  by  only  one  electron 
from  an  alkali  halide.  KrF*  is  simply  the  ion  pair  Kr+F  .  Kr 
is  only  different  by  one  electron  from  Rb  .  Thus,  the  properties 
of  KrF*  are  very  close  to  those  of  the  ionic  RbF  molecule.  A 
number  of  other  useful  analogies  exist  as  well.  For  instance, 
the  rare  gas  excited  states,  such  as  Kr*,  have  low  ionization 
potentials  and  as  a  result  the  chemistry  of  Kr*,  both  kinetically 
and  generically,  is  very  similar  to  that  of  Rb. 

MX*  has  its  potential  minimum  at  a  radius  RQ,  and  can  radiate 

to  lower  states  that  derive  from  the  collision  of  ground  state  M 

and  X  atoms.  Predicted  estimates  of  Rq  and  other  features  of  the 

class  of  rare  gas  halides  are  given  in  Table  2.  For  the  schematic 

potential  curve  shown  in  Figure  12,  emission  is  centered  near  two 

wavelengths,  A.  and  A_.  Two  kinds  of  lower  dissociative  levels 
2 1  ^  2 

are  shown,  a  Y.  state  and  a  II  state.  This  is  the  situation  that 
applies  for  the  collision  of  an  atom  with  P  symmetry  and  one  atom 
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Figure  12.  Schematic  of  Rare  Gas  Monohalide  Potential  Energy 
Curves 
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with  S  symmetry.  Spin  orbit  effects  are  neglected  but  are  im- 

2 

portant  in  rare  gas  bromides  and  iodides.  The  lower  state 

corresponds  to  having  one  halogen  "hole"  in  a  p  orbital  on  axis 

with  the  rare  gas  atom.  The  rare  gas  haldie  lasers  demonstrated 

2  2 

to  date  have  terminated  on  this  state.  The  II  state  places 

the  partially  occurpied  p  atomic  orbital  perpendicular  to  the 

2 

molecular  axis.  The  II  state  is  strongly  repulsive  at  the  equi¬ 
librium  interneclear  configuration  of  MX*,  Rq,  because  more 
electrons  are  between  the  halogen  and  rare  gas  nuclei.  Emission 
terminating  on  the  n  states,  near  wavelength  1 2,  is  characterized 
by  a  relatively  broad  continuum  bandwidth.  Figure  5  shows  a 
microdensitometer  trace  of  the  Xel  emission  spectrum.  Note  the 
sharp  Y.  ■+  :  band  and  the  two  broad  M  ->•  II  bands.  Two  broadbands 

are  present  because  of  the  large  spin  orbit  splitting  of  the  low 
2 

lying  II  states. 

A  potential  energy  diagram  showing  the  structure  of  the  Xel 
molecule  is  shown  in  Figure  13.  It  is  typical  of  all  the  rare 
gas  monohalides.  At  infinite  internuclear  separation  the  energy 
of  Xe+  +  I  +  e  relative  to  Xe  +  I  is  just  the  ionization  poten¬ 
tial  of  Xe,  12.127  eV.  Due  to  the  electron  affinity  of 
3.063  eV,  the  energy  of  Xe+  +  I  at  infinite  internuclear  separa¬ 
tion  is  9.064  eV.  As  these  particles  approach  one  another  they 
attract  along  a  deeply  descending  coulomb  curve  which,  as  shown 
in  Figure  13,  crossess  all  the  excited  states  of  both  Xe  and  I 
and  is  bound  by  1.3  eV  (relative  to  Xe  +  I*)  at  an  internuclear 
separation  of  2.3  $.  On  the  other  hand,  the  ground  state  of  Xel 
is  only  weakly  bound  (XeF  differs  from  the  other  monohalides  in 

that  its  ground  state  is  evidently  more  strongly  bound) .  The 

2  2 

strongest  fluorescence  band  corresponds  to  the  I  -*  1  transition 

at  254  nm.  This  is  an  allowed  transition  with  a  lifetime  estimated 
to  be  <  100  ns.  This  band  is  also  the  narrowest  of  the  fluores¬ 
cence  bands  since  it  corresponds  to  a  bound-weakly  bound  transi¬ 
tion.  Since  the  lower  level  is  split  into  £  and  II  brances  broad, 
red-shifted  bands  appear  at  ~  325  and  360  nm,  corresponding  to 
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E4742  INTERNUCLEAR  SEPARATION  A 

Figure  13.  Potential  Energy  Diagram  Showing  the  Structure 
of  Xenon  Iodide 
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2  2 

the  -  !  transitions.  Although  it  is  not  shown  in  Figure  2, 

the  upper  level  is  split  iu  a  manner  similar  to  the  lower  level. 
This  is  because  the  Xe+  ion  has  a  “P  conf iguration  similar  to 

the  ground  state  of  the  I  atom.  In  the  case  of  the  Xe+  ion,  the 

2  7  2  . 

Pj  ,2  state  lies  ~  1  eV  above  the  ground  state.  The 

levels  which  areise  from  this  splitting  lead  to  emission  which 

2  2 

is  blue  shifted  from  the  transition.  This  emission  has 

been  observed  weakly  in  XeF. 

The  success  of  the  alkali  halide  model  for  the  rare  gas 
halides  is  shown  by  the  comparison  of  existing  data  given  in 
Table  3  to  the  predictions  based  on  the  model.  Assuming  com¬ 
parable  radiative  transition  rates  to  both  states,  the  gain, 
assuming  no  excited  state  absorption  on  the  transition  near  ^ 
will  be  higher  on  the  Y.  -*•  1  band  because  the  bandwidth  is  narrower, 
explaining  why  existing  rare  gas  monohalide  lasers  have  operated 
on  the  sharper,  higher  gain  bands. 

2 

The  ionic  excited  state  has  :  symmetry  to  a  first 

approximation.  Higher  lying  ionic  states  are  aloO  present, 
and  recent  calculations  by  Dunning  and  Hay  show  that  the  sub¬ 
stantial  spin  orbit  coupling  of  Kr  and  Xe  halides  can  mix  these 
states  with  the  lowest  ^‘3/2  ^on^c  excited  state.  Previously, 

concern  that  the  upper  laser  level  may  not  be  the  lowest  ionic 

excited  state  had  been  expressed  by  several  workers,  (34,35)  A 

(36) 

recent  spectroscopic  investigation'  of  the  XeF  354  nm  band  has 

eliminated  this  earlier  concern  and  now  all  workers  in  the  field 

agree  with  the  earlier  assignments  of  high  pressure  rare  gas 

halide  spectra  made  at  AERL . ^ ^ ' * 7 ' 

The  lowest  covalent  state,  the  lower  laser  level  for  the 

existing  lasers,  is  not  truly  dissociatvie  for  XeF  and  XeCC..  The 

(183637) 

lasing  transitions  are,  in  fact,  bound  to  bound  '  '  for  these 

species  since  these  molecules  have  shallow  wells  in  the  lowest 
states.  Recent  molecular  beam  scattering  experiments  at  Berkeley 
apparently  show  a  chemical  well  depth  in  these  species  that  is 
small  but  somewhat  larger  than  that  for  a  van  der  Waals  inter¬ 
action.  *37*  The  binding  of  the  XeF  ground  state  was  not 
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TABLE  3. 


COMPARISON  OF  SOME  OBSERVED  AND  PREDICTED 
FEATURES  OF  INERT  GAS  MONOHALIDES 
(OBSERVED  FEATURES  SHOWN  IN  PARENTHESES)3 


Molec  ule 

rm'*> 

EM(cm‘1) 

A  j  (nm) 

u.'  ( c  m  1  ) 

Xel 

3.  3 

39135 

256(254) 

119 

XcBr 

3.  1 

34272 

292(282) 

150(180) 

XeC  1 

2.  9 

30860 

324(308) 

214(210) 

XeF 

2.  35 

25195 

397(353 

365 

KrI 

3.  2 

54000 

185 

1  38 

KrBr 

2.  9 

49353 

203 

1  70 

KrCl 

2.  H 

45592 

219 

233 

KrF 

2.  27 

39229 

256(248) 

370(400) 

ArBr 

2.  8 

62152 

1  61 

220 

ArC  1 

2.  7 

58042 

172(170) 

280 

A  r  F  f 

2.  17 

51679 

193 

430 

NeF 

1.  93 

93266 

107 

536 

aF  rom  Ref.  1  8  . 
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(38) 

anticipated  theoretically.  However,  recent  calculations  at 

NBS  and  IBM  now  give  the  sliqht  binding  (  ~  700  cm  *)  observed 

(39) 

in  the  beam  experiments  and  derived  from  the  XeF  spectrum. 

As  seen  in  Figure  12,  there  are  higher  lying  potential 
curves  that  derive  from  M*  +  X  and  X*  +  M.  Not  drawn  are  the 
potential  curves  for  the  ion  MX+ ,  which  are  typically  at  higher 
energies.  The  exact  energy  and  shape  of  the  curves  coming  from 
M*  +  X  has  an  important  impact  on  the  possibility  of  self  absorp¬ 
tion.  Xenone  bromide  is  probably  a  fine  example  of  a  rare  gas 
halide  that  fluoresces  very  efficiently  but  lases  very  poorly.^0* 
This  is  probalby  due  to  self  absorption  as  pictured  in  the 

potential  curves  given  in  Figure  14.  Note  that  the  self  absorp¬ 
tion  is  a  photodissociation  process  rather  than  the  photoioniza¬ 
tion  which  plagues  the  rare  gas  excimer  lasers  such  as  Xe2*  •  The 
positions  of  the  upper  and  lower  laser  levels  can  be  determined 
by  the  wavelength  and  shape  of  the  XeBr*  emission  bands.  The 
exact  R  dependence  of  the  upper  potential  curves  and  the  wave¬ 
length  dependence  of  the  self  absorption  bands  relative  to  the 
stimulated  emission  is  not  known.  However,  it  is  reasonably 

clear  that  absorption  is  possible  in  the  XeBr*  case  for  the 
2  2 

j  >-  Y  lasing  transition.  Rough  consideration  of  the  atomic 
orbitals  that  the  electrons  occupy  in  the  various  states  suggests 
that  absorption  plays  a  major  role  in  decreasing  gain  and  effi¬ 
ciency  in  this  system.  Recall  that  the  upper  laser  level  is  an 
ion  pair  Xe+Br  .  In  making  a  transition  to  the  lower  laser  level, 
an  electron  hops  out  of  a  p  orbital  of  Br  into  the  lowest  vacant 
orbital  of  Xe+ ,  a  5  p  orbital.  This  produces  ground  state  Xe 
and  Br  atoms.  However,  in  making  a  transition  upward  to  Xe*  +  Br, 
the  electron  hops  from  Br  into  a  large  6s  orbital  of  Xe.  By 
virtue  of  the  fact  that  the  final  electron  orbitals  centered  on 
xenon  for  states  of  Xe*  are  larger  than  those  in  which  a  ground 
state  Xe  atom  is  produced,  one  expects  that  the  total  transition 
dipole  moment  for  absorption  is  larger  than  that  corresponding 
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Figure  14.  Estimated  Potential  Curves  for  XeBr  Showing  the 

Possibility  of  Strong  Absorption  Band  Overlapping 
the  Lasing  Transition 
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to  the  lasing  transition.  The  absorption  is  probably  spread 
out  over  a  broader  band  than  the  sharp  1  a so>  transition,  as  in 

(41) 

the  alkali  halides,  thus  allowing  for  some  net  gain  to  occur. 

One  can  see  from  the  approximate  potential  curves  for  XeBr 

that  emission  on  the  broadband,  near  400  nm,  terminating  on  the 
2 

j 2  state  would  not  add  sufficient  energy  to  the  XeBr*  excited 
state  to  allow  a  transition  up  to  states  deriving  from  Xe*  +  Br. 
XeBr*  is  at  about  35,000  cm  ^  and  addition  of  a  25,000  cm  ^ 
photon  to  this  species  is  not  sufficient  to  produce  an  excited 
state  which  dissociates  into  Xe*  +  Br  or  Xe  +  Br*.  This  is  the 
basis  for  our  conjecture  that  the  broadbands  of  XeBr  could  lead 
to  a  UV/visible  laser.  It  must  be  noted  here  that  Br  would  not 
be  a  good  source  for  XeBr*  for  the  broadband  transition  since 
Br2  absorbs  strongly  in  this  band. 

An  important  point  to  be  made  is  that  fairly  high  quantum 
efficiency  is  intrinsic  to  the  rare  gas  monohalide  lasers.  Assum¬ 
ing  the  process  begins  with  production  of  an  excited  metastable, 
such  as  Kr*,  quantum  efficiences  of  order  50%  can  be  achieved. 

The  lost  energy  goes  into  chemical  potential  by  dissociation  of 
the  weakly  bound  halogen  molecules,  such  as  F2»  and  excess  vi¬ 
brational  energy  initially  invested  in  producing  the  rare  gas 
monohalide  excited  state.  The  latter  loss,  corresponding  to 
about  2  eV  per  laser  photon,  goes  into  heavy  particle  translational 
energy  of  the  laser  mixture  on  a  nanosecond  time  scale,  whereas 
the  energy  stored  in  breaking  halogen  bonds  does  not  appear  as 
heat  unitl  a  time  scale  greater  than  a  microsecond.  Neglecting 
heating  due  to  recombination ,  a  1-ys  laser  pulse  producing  30  J/ 
liter  specific  output  in  KrF  will  heat  the  gas  mixrtre  the  order 

of  30 °C.  The  neglect  of  gas  heating  due  to  F  atom  recombination 

(42) 

is  valid  because  such  recombination  is  very  slow  compared  to 

the  pulselength. 
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D.  RARE  GAS  HALIDE  KINETICS 


The  excited-state  chemistry  that  leads  to  excited  rare 
gas  halogen  molecules  involves  a  set  of  competing  kinetic  paths. 
The  importance  of  each  mechanism  can  vary  with  the  means  of 
excitation,  pressures  and  mixture  mole  fractions.  In  certain 
mixtures,  the  rare  gas  halide  emission  is  dominant.  In  other 
mixtures  emission  on  certain  bands  of  halogen  molecules  is 
derived  or  dominates.  This  brief  discussion  and  the  accompany¬ 
ing  tables  will  show  the  similarities  and  complementarities 
of  the  kinetic  chains  that  can  lead  to  various  emission  spectra. 
Detailed  modeling  of  these  lasers  is  currently  under  way  in 
several  laboratories,  and  a  thorough  review  of  this  is  premature 
and  not  given  here. 

Table  4  gives  an  overview  with  short  comments  on  the 
various  reactions  which  can  produce  the  upper  laser  levels. 

Table  5  gives  an  overall  kinetic  mechanism  for  rare  gas  halides. 
The  principal  reaction  mechanisms  are  the  alkali-like  direct 
reactions,  displacement  reactions  and  ion  reactions.  The  other 
mechanisms  are  listed  for  completeness. 

As  pointed  out  above,  species  such  as  KrF*  are  nothing 
more  than  short-lived  "pseudo-alkali  halides,"  i.e.,  diatomic 
molecules  in  which  one  electrical  charge  has  been  transferred 
from  the  rare  gas  atom  to  the  halogen.  The  halogen  lasers  also 
operate  on  transitions  from  ionic  excited  states.  That  is, 
the  upper  laser  level  B^*  is  the  ion  pair  Br+Br  .  The  forma¬ 
tion  of  alkali  halide  molecules,  halogen  ionic  excited  states 
and  rare  gas  halide  excited  states  can  all  proceed  along  chem¬ 
ically  similar  pathways.  This  similarity  derives  from  the  fact 
that  metastable  rare  gas  atoms,  Kr*  for  example,  or  highly 
excited  halogen  atoms  have  low  ionization  potentials  and  chem¬ 
ically  behave  like  ground-state  atoms  that  have  low  ionization 
potentials,  viz.,  the  alkali  atoms . ^ ^ ^  The  chemical 
kinetics  of  alkalis  reacting  with  halogen  molecules  has  a  long 
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TABI.I-;  4. 


SI  Mi’Ll  FI  HD  KINETICS  FOR  FORMING  KXCITKD  STATFS 
OF  RARK  GAS  HAL  I  DBS  OR  HALOGEN  LASERS 


Rare  Gas  Halides  Halogens 

Metastable  Reactions 


la  Ar  4  X.,  -  A  rX  *  X 

1 L  *  A  r  4  X  4  X 

Branc hint:  can  load  to  either  a  rare 
gas  halide  laser  via  la  or  a  halogen 
laser  via  lb  followed  by  la.  l.ar^e 
rate  constants  measured. 

Ion  Reactions 

da  Ar"  4  F'  *  M  -  ArF*  4  M 

2  b  Ar  4  Br  4  \1  —  Ar  4  Br  4  M 

Extremely  rapid  and  of  utmost  im¬ 
portance  in  pure  e-beam  excited 
mixtures  with  rapidly  attaching 
halogen  s . 

Displacement  Reactions 

3  ArF'  4  Kr  *  KrF  t  Ar 

Exothermic  Ionic  displacement  in 
which  Kr+  ion  replaces  ArJ  ion.  A 
major  channel  in  e-beam  sustained 
discharges.  Large  rates  estimated. 


Recombination  of  Excited  Halogens 

4  Br  4  Xe  4  M  —  XeBr  4  M 

Reactions  such  as  this  important  in 
Ar/Xe/X2  mixtures  where  reactions 
lb  or  2b  are  fast  anti  produce  the 
excited  halogen  rather  than  the  rare 
gas  halide. 


la  X  -  X,  -  X2  4  X 

Could  also  branch  to  lower- 
states  of  X  ?  causing  ineffi¬ 
ciencies.  Large  rate  con¬ 
stants  predicted. 

II  f  4  I"  -  M  —  I2  4  M 

Extremely  rapid,  and  could 
be  important  in  systems  ir. 
which  positive  ha lt> gen  ions 
are  formed. 


III  X2  -  Y  -  XY  4  X 

For  exothermic  reaction  com¬ 
bination  could  lead  to  inner 
halogen  emission  viz:  (CIBr  ). 
Probably  not  important  since 
large  density  of  free  atoms 
hard  to  come  by. 

IV  I  4  I  4  M  —  iz  4  M 

Rate  of  this  reaction  limited 
in  a  halogen  laser  by  smaller 
amounts  of  I  present.  Obvi¬ 
ously  important  when  source 
of  I  atoms  is  completely  dis¬ 
associated. 


Direct  Pumping-Electrons  or  Energy  Transfer 

3  e  t  X  e  F  ^  *  Xe  F*  IF  V  c  4  X2  -  Xz  4  e 

♦  Xe F"  t  F“  A r 2  4  X£  -  X2  4  2Ar 

Xe  (  X e F 2  *  Xl>f'  I  Xe  f  F 

Potential  limited.  Possibly  important  in  certain 

rare  gas  halogen  mixtures. 
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TABLE  5. 


SIMPLIFIED  MECHANISM /RARE  GAS  HALIDE  LASERS 


Discharre  Pumping/Mixture 

o  Metastable  Formation 

* 

e  +  Ar  —  Ar  +  e 
e  +  Kr  —  Kr'  +  e 

o  Reaction  with  Halogen 

Ar"  +  f2  —  ArF"  +  F 
Kr"  +  F2  —  KrF  *  F 

o  Displacement 

Kr  +  ArF 1  —  KrF  +  Ar 

E-Beam  Pumping 

o  All  of  the  Above 

o  Ion  Recombination 

e  +  F^  — ►  F  +  F 

F”  +  Ar+  +  M  — ■  ArF’" 

F*  +  Kr+  +  M  —  KrF" 
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history  and  this  chemistry  is  understood  in  much  detail.  The 

mechanism  for  such  a  1 ka 1  i /ha loqen  reactions  is  discussed  in 

(43) 

detail  elsewhere.  The  reaction  of  a  Kr*  or  Br*  with  a 

halogen  containing  molecule  should  produce  an  ionic  species. 
Reactions  la,  lb  and  la  of  Table  3  are  examples  of  such 
reactions.  These  reactions  are  thought  to  proceed  by  way  of 


an  ionic  covalent  curve  crossing,  often  called  the  "harpooning" 


mechanism. 


(28,31,43) 


In  such  reactions,  the  low  ionization 


potential  of  the  alkali  or  excited  species  and  the  high  electron 
affinity  of  the  halogen  molecules  allows  an  ionic  potential 
curve  of  the  form  M+  +  X  2  to  cross  that  of  M*  +  at  fairly 
large  internuclear  separations,  distances  of  order  5  R.  The 


X  2  ion  formed  by  an  electron  hop,  when  the  ionic  and  covalent 
potentials  become  degenerate,  is  unstable  with  respect  to  disso¬ 
ciation  into  X  +  X  in  the  presence  of  the  large  electric  field 
of  the  M+  ion.  As  a  result,  the  M+  X  ^  temporary  triatomic 
specie  falls  apart  into  an  ion  pair  M+X  leaving  behind  an  X 


atom.  The  term  "harpooning"  mechanism  derives  from  considering 

the  electron  that  hops  from  the  M*  over  to  X_  molecule  apart 

+  -  ^ 

and  forms  the  new  ionic ,  M  X  species.  The  prime  difference 
between  reactions  of  halogen  molecules  with  alkali  metal  atoms 
and  the  corresponding  chemistry  with  excited  states  such  as  Kr* 
or  Br*  is  that  in  the  alkali  reactions  only  one  electronic  state 


can  be  formed  whereas  several  potential  product  channels  can 
exist  in  certain  excited  state /halogen  molecule  reactions.  A 
similar  multiple  product  channel  situation  exists  in  the  reac¬ 
tion  of  halogen  atoms  with  diatomic  alkali  molecules.  In  this 

case,  usually  several  low  lying  states  of  alkali  atoms  are  pro- 

144) 

duced  by  the  chemical  reaction. 

The  cross  sections  and  exit  channel  branching  ratios  for 
a  number  of  excited  metastable  inert  gas  atoms  reacting  with 

(45) 

halogens  are  now  being  measured.  The  bulk  of  this  work  is 

being  done  at  low  pressures.  The  spectra  observed  are  similar 
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but  not  identical  to  those  at  high  pressure  as  in  e-beam  or 
discharge  excited  lasers.  A  brief  compendium  of  some  of  the 
published  relevant  reaction  rates  for  reaction  of  metastable 
inert  gases  with  halogen  containing  compounds  in  given  in 
Table  6. 
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TABLE  6.  SOME  KINETIC  RATE  CONSTANTS  FOR 
RARE  GAS  METASTABLE /HALOGEN  REACTIONS 


xi>  iSy  1 


Kr  (3P2!  * 


Ar  (  ^  iJ2l  < 


a . 

b. 

kQ 

,Tc 

Comments 

1 1  R  r 

6.  1 

1 73(al 

HC1 

4 .  h 

lP<(a> 

Cl, 

6.  S 

1 93<a ’ 

Hr, 

6.  0 

202(b) 

CFV 

f2 

7 .  3 

184(b) 

156(^ 

Should  produce  XeF  with 

near 

c* 

unit  quantum  yield 

NFJ 

F  2 

0.  86 

23,c) 

8.  1 

1 63(c) 

j- 

Should  produce  KrF  with 

near 

147(c) 

unit  yield 

Cl 

6.  0 

-3 

Xe 

1  .  6 

39(C) 

1 .  6 

46(° 

I'-r2 

6.  5 

147(d) 

Produces  Pr 

Cl“ 

4.  7 

L. 

7.  1 

i4.:<d) 

Produces  ArCl  and  Cl 

F2 

8.  5 

!4,',(C) 

Should  produce  ArF  w'ith 
unit  yield 

near 

NF  , 

1 . 4 

28<c) 

Kr 

0.  06 

i.  ;<f) 

Xe 

1 . 8 

40(f) 

a.  Rate  constants,  k  j>iven  in  i  nits  of  1  0  ^  cm/molecvile  sec. 

U  .  ln-l6  2 

^iven  in  units  oi  10  cm  . 


b.  Cross  sections,  o 


Q' 

In)  =  Reference  46 
(b)  =  Reference  28 

li  )  =  D.  Setser,  Private  Communication 
(tl)  =  Reference  45 
(e)  -  Reference  31 
(f  )  -  Reference  47 
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III.  HALOGEN  RESEARCH 


A.  IODINE 

E-beam-pumped  UV  lasing  was  observed  on  the  molecular 
3  3 

iodine  bands  1432,  2g  ^  >  2431  2u  ~  at  342  nm.  Figure  In  shows 

the  electronic  potential  curves  for  states  relevant  to  the  laser 

transition.  This  identification  of  the  laser  transition  states 

is  different  from  the  original  designation^^'  and  follows  from 

Ref.  48.  This  laser  was  obtained  by  pulsed  e-beam  irradiation 

of  noble  gas  mixtures  containing  primarily  Ar  buffer  gas  and 

trace  amounts  of  iodine  containing  species  HI  and  CF^I.  Laser 

action  was  also  obtained  from  mixtures  of  Ar /Xe /RI (R=H ,  CF^) . 

Xe  was  initially  added  to  the  gas  mixtures  in  an  attempt  to 

lase  the  xenon  iodide  bands  in  analogy  to  the  previously 

reported  lasers.  Addition  of  Xe  to  these  mixtures  decreases 

the  I2  spontaneous  and  lasing  intensities  while  brining  out  the 

expected  xenon  halide  spectra.  The  highest  I2  laser  output 

occurs  with  no  xenon  present.  Very  weak  laser  action  has  also 

been  observed  in  Ar/I2  mixtures  utilizing  room-temperature 

iodine  vapor..  The  possibility  of  e-beam-pumped  laser  action 

on  this  molecular  iodine  band  has  been  suggested  by  Wilkerson 

and  Tisone^9'  and  by  McCusker,  et  al.^50' 

The  broad-banded  I2  emission  spectrum,  extending  from 

300  to  345  nm,  has  been  the  subject  of  numerous  investiga- 
(49-53) 

tions.  Mulliken’s  classic  paper  thoroughly  reviews  the 

spectroscopy  of  I2,  and  it  seems  to  be  agreed  that  this 

I2  transition  has  an  excited  state  which  dissociates  to  the 
separated  ion  pair  I+  +  I  .  The  identification  of  the  342-nm 
emission  observed  from  e-beam-excited  Ar/RI  mixtures  with  the 
I2  342-nm  band  is  clear  from  a  comparison  of  our  spontaneous 
emission  spectra  with  the  spectra  described  by  previous  . . 

V  preceding  page  elank-not  FILMED 
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Figure  15. 
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,  (28,49-53)  ,  _  ,  ,  . 

workers.  The  prominent  342-nm  band  with  its  regularly 

spaced  fluctuations  and  the  weaker  bands  at  287,  430,  and 
450  nm  are  clearly  seen  on  our  plates.  Fiqure  16  shows  densi¬ 
tometer  traces  of  the  340-nm  band  under  conditions  of  spontaneous 
and  stimulated  emission.  The  laser  spectrum  shows  definite  nar¬ 
rowing  of  the  band.  More  than  one  vibrational  band  appears  to 
be  oscillating,  and  the  laser  wavelength  could  presumably  be 
discretely  tuned.  The  spectra  and  laser  action  were  obtained 
in  a  device  previously  described  in  Section  II.  Peak  laser 
powers  of  the  order  of  1  kW  have  been  obtained  from  50  psia  Ar /HI 
mixtures  containing  0.3%  HI.  Figure  17  shows  a  sample  oscillo¬ 
gram  of  the  photodiode  signal.  Typically,  the  laser  turns  on 
about  40  ns  after  the  e-beam.  The  turn-on  time  is  not  strongly 

dependent  on  the  pressure  and  lasts  for  about  80-100  ns.  Since 

(4  9) 

this  time  is  longer  than  the  estimated  radiative  lifetime, 

this  suggests  that  lower-level  relaxation  is  fast  and  that  quasi- 

cw  operation  is  possible.  The  total  energy  output  corresponds 

-3 

to  an  efficiency  of  10  %  for  converting  deposited  e-beam  energy 

into  laser  light  through  the  1/2%  transmitting  mirrors.  If  the 
lasing  transition  is  saturated  and  there  are  losses  in  the  gas, 
greater  powers  and  laser  efficiencies  could  be  obtained  by  coup¬ 
ling  more  light  out  of  the  cavity.  McCusker,  et  al.,  project 
considerably  higher  efficiencies  for  the  e-beam  pumped  Ar/^ 
systems.  However,  we  have  observed  only  weak  laser  action 

in  Ar/l2»  possibly  because  of  the  low  vapor  pressure  of  I2  at 
room  temperature. 

The  formation  of  excited  state  I2*  in  Ar/RI  mixtures  was 
described  in  Ref.  10  as  the  result  of  the  ion-ion  recombination 
of  I+  and  I  intermediaries 

+  — 

I  +  I  +  Ar  -*  I2*  +  Ar. 

In  addition  to  this  mechanism,  the  following  formation  pathways 
should  also  be  considered. 
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Figure  16.  Densitometer  Tracings  of  I2  Emission  Produced  when 
Ar/HI  Mixtures  are  Excited  with  an  E-Beam 
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1 2  LASER  TIME  HISTORY 

PHOTODIODF  SIGNAL 
5V/DIV 


E  BEAM  VOLTAGE  \ 

E8394  TIME  — ►  lOOns/Div 


Figure  17.  Oscillograms  of  the  Photodiode  Viewing  the  Laser 

Output  and  the  Voltage  Pulse  Producing  the  E-Beam. 
The  laser  intensity  was  attenuated  by  a  factor  of 
160  before  striking  the  photodiode.  The  signal 
Corresponds  to  a  peak  power  of  about  1  kW. 
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1.  Arqon  Ion  Ch.mncl 


ep  + 

Ar  - 

Ar 

T 

+  e 

s 

+ 

es  + 

RI  - 

R 

+  I~ 

Ar  + 

+  2Ar 

->■ 

Ar2  +  + 

Ar 

Ar2  + 

+  i” 

-V 

Arl*  + 

Ar 

Arl* 

-*■  Ar 

+ 

I* 

I*  + 

RI  -► 

1 2 

*  +  R 

2.  Arqon  Metastable  Channel 
Ar2+  +  e  -*  Ar*  +  Ar 

Ar*  +  RI  -*■  Arl*  +  R 
Arl*  -*■  Ar  +  I* 

I*  +  RI  -*  I2*  +  R 

These  ion  and  metastablo  channels  have  also  been  suggested 
as  the  formation  kinetics  for  Br2*  in  Ar/Br2  and  Ar/BrI  mixtures. 
These  additional  channels  are  also  consistent  with  the  reduced 
laser  output  observed  when  Xe  is  added  to  the  gas  mixture.  In 
Ar/Xe  mixtures  it  is  expected  that  fast  reactions  such  as 


and 


Xe  -*  ArXe 


+ 


+  Ar 


Ar*(Ar2*)  +  Xe  -*■  Xe*  +  Ar  (2Ar) 


would  reduce  the  Arl*  and  hence  I*  formation,  as  well  as  generate 
competing  channels  to  form  Xel*. 
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As  discussed  abovi .  observation  of  the  fluorescence 
emanating  from  e-beam-pumpod  Ar/I2  mixtures  has  been  deter¬ 
mined  ^  that  10  is  the  best  donor.  The  fluorescence  effi¬ 
ciency  using  as  the  donor  was  reported  to  be  about  20%; 

however,  the  laser  efficiency  with  Ar /HI  mixes  was  only  about 
1%.  The  possibility  of  increasing  the  laser  efficiency  by 
using  higher  density  I2  mixtures  has  been  considered  to  obtain 
the  required  vapor  pressure  of  I2,  the  laser  mixture  would 
have  to  be  heated  to  about  100 °C. 

Another  possible  reason  for  the  relatively  low  laser 
efficiency  is  that  Ar2+,  the  major  positive  ion  in  the  lasing 

medium,  has  a  large  photoabsorption  cross  section  at  the  lasing 
( 55 ) 

wavelength.  By  replacing  Ar  with  Ne ,  the  I_  laser  effi- 

A  (57-59) 

ciency  could  improve  as  was  observed  in  XeF  laser  studies. 

These  changes  of  iodine  donor  and  rare  gas  species  did 
not  achieve  significant  improvement. 
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PRSCEDI.'G  S  BLANK-LOT  TIi  l&D 

IV.  MERCURY  HALIDE  RESEARCH 

The  mercury  halides,  like  the  rare  gas  halides,  have  ionic 
upper  levels.  Hence  the  formation  kinetics  of  the  upper  laser 
level  should  be  rapid  and  efficient.  Because  the  ionization  en¬ 
ergy  of  mercury  is  lower  than  the  rare  gases,  the  mercury  halides 

radiate  at  longer  wavelengths  than  the  rare  gas  halides.  The 

M2) 

mercury  halide  lasers  demonstrated  at  AERL  are  HgCi  (558  nm) 

and  HgBr^13^  (502  nm) . 

A.  EXPERIMENTAL  APPARATUS 

The  lasing  and  spontaneous  emission  experiments  were  carried 
out  in  an  aluminum  cell,  shown  schematically  in  Figures  18  and  19, 
in  which  the  pressure  could  be  varied  up  to  pressures  in  range  of 
7  atm.  The  cell  temperature  was  controlled  by  cartridge  heaters 
positioned  to  uniformly  heat  the  gas  cavity  and  this  temperature 
was  kept  below  300°C  to  allow  the  use  of  Viton  and  Teflon  O-rings. 
Laser  mirrors  are  housed  in  heated  aluminum  holders  providing  an 
optical  aperture  of  about  2  cm  in  diameter  and  sealed  directly  to 
the  cell.  The  cavity  mirrors  are  separated  by  24  cm.  The  heated 
mirror  assembly  is  shown  in  Figure  20.  The  high  pressure  rare 
gases  (Ar/Xe)  are  heated  in  S.S  sample  bottles  within  an  oven 
shown  in  Figure  21.  An  overview  of  the  experimental  apparatus 
is  shown  in  Figure  22. 

A  Marx  generator  is  used  to  impulse  charge  a  cold-cathode 

e-gun  to  about  300  kV  for  about  150  ns  providing  a  current  density 

2  2 
of  about  100  A/cm  in  the  cell.  The  e-beam  of  roughly  1  x  15  cm 

cross  section  was  injected  into  the  gas  transverse  to  the  laser 

cavity  optical  axis  through  a  2-mil  cell  foil  and  irradiated  a  gas 

3 

volume  of  about  85  cm  .  Figure  23  shows  the  e-beam  diode  includ¬ 
ing  the  graphite  cathode.  This  design  was  upgraded  for  these  experi¬ 
ments  to  increase  reliability  and  run  time.  The  e-beam  energy 
deposition  in  the  gas  mixture  was  deduced  from  differential  pressure 
measurements. 
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ALUMINUM 


S.S.  SCREEN  2  Ml  L  FOIL 
owic  ANODE 


Figure  18.  E-Beam/Laser  Cell  Configuration  Indicating  Transverse 
Beam  Excitation 
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figure  19 


Aluminum  Laser  Cell  showing  Cartridge  Heater  Arrange- 
ment,  Cavity  and  Window  Conf iguratio 
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TEFLON 

MIRROR  DISK 


Figure 


20.  Heated  Mirror  Assembly 
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Figure  23.  E-Beam  Cathode 
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B.  MERCURY  HALIDE  SPECTROSCOPY 

The  fluorescence  spectra  of  HgC£.  and  HgBr  are  shown  in 
Figures  24  and  25,  respectively.  These  spectra  were  taken  using 
photographic  plates.  The  gas  mixture  composition  and  total  pres¬ 
sure  were  similar  to  those  observed  under  strong  lasing  conditions. 

The  fluorescence  spectra  for  different  HgCl,  HgBr  and  Hgl 
mixtures  are  shown  in  Figures  26,  27,  and  28,  respectively.  The 
mixture  composition  of  rare  gas/mercury/halogen  donor  is  varied 
in  each  case  to  show  the  competing  formation  channels  which  are 
occurring  in  these  mixtures. 
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0-22 


Figure  24. 


HgCH*  Fluorescence  Spectrum 
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Hg  Br  X*s  FLUORESCENCE 

Ar/Xe/Hg/HBr 

_  (— 50I7A 


6 


HgBr*  Fluorescence  Spect 


re  Gas/Hq/CC 


C.  HALOGEN  DONOR  SELECTION 

In  e-beam-pumped  mixtures,  the  halogen  donor  selection  has 
a  wide  range  of  possibilities.  In  this  case  donors  are  chosen 
from  simple  halogen  bearing  molecules  which  do  not  absorb  at  the 
laser  wavelength  and  in  addition  provide  adequate  rates  for  dis¬ 
sociative  attachment  near  electron  energies  of  ~  1  eV. 

Halogen  donor  selection  is  one  of  the  more  critical  issues 
of  discharge  pumped  lasing  since  the  HgM^P^)  metastable  energy 
(  ~  4.7  eV)  is  close  to  the  average  A-Cl  bond  strength  (  ~  3  eV) . 
However,  calculations  substantiated  by  measurements  in 

Ar-Hg  discharges  indicate  that  electron  collisional  mixing  of 

3 

the  three  metastables  Hg*  (  P.  .  has  a  large  enough  cross 

2  U  9  1  9 

section  (  ~  19  R  )  to  maintain  the  largest  population  in  the 
3 

highest  Hg* (  P2)  metastable  at  5.43  eV.  This  may  ease  halogen 
donor  selection,  and  in  addition,  provide  more  flexibility  to 
tailor  the  choice  of  halogen  donor  to  the  needs  of  discharge 
stability.  A  list  of  halogen  donor  candidates  is  given  in  Table 
7,  Figure  29  emphasizes  the  energetics  required  by  the  donor 
selection  and  Table  8  indicates  the  branching  ratio  for  formation 
of  HgCSL*  from  collisions 

Hg*  (3P  )  +  Cl?  -  HgC£*  +  Cl 
u  ^ 

from  each  level  J  =  0,1,2. 

Finally,  the  selection  of  a  halogen  donor  requires  a  con¬ 
sideration  of  possible  surface  catalyzed  reactions  which  may  be 
accelerated  at  the  ~  300°C  gas  mixture  temperatures.  Consider¬ 
ing  the  advantages  indicated  by  Figure  29  and  Table  8  most  e-beam 
discharge  experiments  to  date  have  explored  the  use  of  molecular 
chlorine,  CJ^- 

Unfortunately,  early  attempts  to  produce  efficient  lasing 
were  not  very  successful,  in  that  the  reactants  were  rapidly 
disappearing  upon  entering  the  heated  laser  cavity  before  any 
exciting  e-beam  sustained  discharge  could  be  applied. 
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TABLE  7. 


CROSS  SECTIONS  FOR  REACTION  OF  SOME  HALOGEN 
SPECIES  WITH  Hg*  (3Pq)  and  (3P2> 


cc*4 

CHC^3 
CH2C  R.  2 
CH3C£ 
CH3Br 
CH3e 


46 

42 

31 

28 

24 

39 


34 

8 
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ENERGY  (eV) 


Experiments'  showed  the  reaction  as  proceeding  on  the 
walls  of  the  container  with  a  stoichiometric  loss  of  Hq  and  C>2, 
e  .g.  , 


nHg  +  nC£ 2  walls  (HgC£2>n 

Data  were  collected  in  Inconel,  quartz,  stainless  steel,  and 
Teflon-coated  stainless  steel  reaction  cells.  The  results  of 
these  experiments  in  turn  prompted  the  laser  experiments  to  de¬ 
crease  the  residence  time  in  the  cavity  to  times  <  10  s.  Sub¬ 
sequently,  intrinsic  laser  efficiencies  in  excess  of  3%  were 
obtained  for  HgC£*  lasers  compared  to  the  earlier  efficiencies 
reported  of  <  1%. 


FUEL  SELECTION 

DAC/s  E^P4>- ^53761 
Dac/  s  2.45  eV  J*0 


°cc/4 

°N0C/ 


2.95  eV  -UNACCEPTABLE 


JCL 


1.6  eV~| 
2.2  «V  j 


ACCEPTABLE 


Figure  29.  Discharge  Pumping  Donor  Energetics  -  HgCJ.* 


70 


^AVCO  EVERETT 


<Z&AVCO  EVERETT 


D.  MERCURY  HALIDE  LASERS 


This  section  summarizes  the  characteristics  of  the  new 

2  +  2  + 

high-power  visible  lasers  operating  on  the  B  L  ■*  X  . 

transition  of  HgCQ.  at  5576  R  and  the  same  molecular  electronic 
transition  of  HgBr  at  5018  R  and  4984  R.  The  upper  laser  state 
is  ionic  in  nature  and  is  formed  directly  by  chemical  reactions 
in  an  e-beam  excited  mixture  of  high  pressure  Ar/Xe  and  small 
amounts  of  Hg,  CC£^  and  HBr.  The  lower  laser  level  is  the  molec¬ 
ular  ground  state  which  is  convalent  in  nature  and  bound  by  the 
order  of  1  eV.  The  potential  curves  for  HgCf  and  HgBr,  shown  in 
Figures  30  and  31,  respectively,  indicate  the  laser  transitions. 

The  ionic  character  of  the  upper  laser  level  provides  the  oppor¬ 
tunity  to  utilize  the  highly  efficient  formation  processes  im¬ 
portant  in  lasers  such  as  KrF. 

1 .  Mercury  Chloride 

Laser  action  from  HgC£.  was  obtained  in  a  typical  mixture 
of  Ar,  Xe,  Hg  and  CCS.^  in  the  ratio  85 . 7%/l  1 . 1  % / 2 . 1%/ 1 . 1  %  re¬ 
spectively  at  an  Ar  density  of  3  amagats.  The  cell  and  Hg 
reservoir  temperatures  were  275°C  and  260°C  respectively.  The 
laser  output  was  viewed  at  one  end  with  a  calibrated  planar 
photodiode  (ITT  F4000-S5)  and  at  the  other  end  with  a  1/2  m 
Hilger  quartz  spectrograph.  The  HgCil  spontaneous  emission  spec¬ 
trum,  shown  in  Figure  32,  obtained  in  the  presence  of  these  high- 
pressure  rare  gas  mixtures  indicates  that  the  most  intense 

transitions  occur  between  v"  =  0  and  high  v"  ground  state  levels. 

35 

The  laser  transition  is  identified  as  v'  =  0  v"  =  22  (HgCH  ) 
which  corresponds  to  the  strongest  transition  observed  in  spon¬ 
taneous  emission. 

The  peak  laser  power  obtained  in  these  experiments  was  about 
1.7  MW  with  50%  output  cooling  as  shown  on  the  oscillogram  trace 
in  Figure  33(a).  The  associated  pulse  energy  of  175  mJ  corresponds 
to  an  intrinsic  laser  efficiency  of  about  3.5%  considering  the 
e-beam  energy  deposited  in  the  laser  volume  was  about  4.8  J. 


72 


^7AVCO  EVERETT 


ENERGY  (eV) 


G  8543-1  R"  R^ 

INTERNUCLEAR  SEPARATION 

Figure  30.  Estimated  Potential  Curves  for  HgCl 
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ENERGY  (eV) 


Figure  31.  Estimated  Potential  Curves  for  HgBr 
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Figure  32.  Mercury  Chloride  Laser  Emission  and  Spontaneous 
Emission  Spectra 
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E-BEAM 
VOLTAGE 
Vp  =  250  kV 


■ 


Pp  =  124  kW 

E  =12  mJ 
I  j  =  12  MW/cm2 

T  =.35  % 


Pp  =  1.7  MW 

* —  E  =  175  cnj 

I|  =  1.2  MW/cm2 
T  =50  % 


Figure  33.  HgCJl  Data  Oscillogram  Trace  Showing  the  E-Beam 
Voltage  Pulse  and  the  Corresponding  Photodiode 
Laser  Signal  for  (a)  Output  Coupling  T  =  50%; 
(b)  Output  Coupling  T  =  0.35% 
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Bottleneck inq  of  the  v"  =  22  lower  level  is  not  limiting  the 

laser  pulsewidth  of  about  100  ns.  This  has  also  been  observed 

2 

when  the  cavity  flux  was  ~  12  MW/cm  as  shown  in  Figure  33(b) 
which  implies  a  very  rapid  relaxation  of  the  lower  laser  level 
of  roughly  _<  1  ns.  A  summary  of  the  results  of  these  small  scale 
experiments  is  shown  in  Table  9. 

From  the  heavy  body  quenching  rate  constants  given  in  Ref. 
66  an  estimate  of  the  saturation  flux  can  be  obtained  for  arbi¬ 
trary  mixtures  of  Ar/Hg/C?2  and  Ar /Xe/Hg/CC ^  which  have  been 
used  respectively  in  discharge  and  e-beam  pumping  of  the  HgCi* 
laser.  The  quenching  of  HgC£  by  Hg  has  recently  been  measured 

in  a  separate  experiment  as  L  =  4  x  10  1  ^  cm'Vs.  The 

Hg 

saturation  flux  can  be  computed  using  the  following  expres¬ 
sion 


°S  =  V7  i1  +  kAC£T[AC£]  +  kAr T  tAr] 


+  kXe  t  [Xe]  +  kHfT  i  [  Hg  ] 


Hg 


(2) 


where  o  is  the  stimulated  emission  cross  section,  hv  is  the 
s 

photon  energy,  r  is  the  HgC£*  radiative  lifetime,  and  k^  the 
quenching  rate  constant  for  each  component.  It  should  be  noted 
that  the  saturation  flux  defined  in  Eq.  (2)  is  applicable  in  the 
limit  that  the  population  of  the  lower  laser  level  is  negligible. 

From  the  HgC£*  spontaneous  spectra  we  have  estimated  hv/o  t  to 

2  s 
be  0.16  MW/cm  .  For  typical  laser  mixes  containing  1%  2% 

Hg  and  97%  Ar  at  a  total  pressure  of  2  amagats  one  obtains 

<(>  =  0.45  MW/cm2  and  for  2%  CCH .,  2%  Hg,  11%  Xe  and  86%  Ar  at 
s  4  2 

2  amagats  one  obtains  $s  =  0.31  MW/cm  . 

2 .  Mercury  Bromide 

Laser  action  from  HgBr  was  obtained  in  a  typical  mixture 
of  Ar,  Xe,  Hg  and  HBr  in  the  ratio  86. 4%/10 . 8%/2 . 0%/0 . 8%  re¬ 
spectively  at  an  Ar  density  of  3  amagats.  The  laser  emission 
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TABLE  9. 


HgC£  LASER 


CHARACTERISTICS 


WAVELENGTH 

5576  /? 

GAS  MIXTURE 

Ar/Xu/Hg/GC^  4  -  34.7%/11. 

1%/2.1%/1.1% 

Ar  -  3  AMAGATS 

CELL  TEMPERATURE 

2  75  °C 

E  BEAM  ENERGY  DEPOSITION 

4.8  J 

intrinsic  efficiency 

(E0%  COUPLING) 

3.8% 

peak  power 

1.7  MW 

pui  sewidth 

100  nsec 

G968I 
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shown  in  Figure  34  is  identifed  as  the  v'  =  0  ■*  v"  =  22  and 
v'  =  0  ■»  v"  =  21  bands  which  again  correspond  to  the  strongest 
transitions  observed  in  spontaneous  emission.  The  output  coup¬ 
ling  for  each  cavity  mirror  was  3%.  Figure  35  shows  an  oscillo¬ 
gram  of  the  photodiode  signal  from  the  HgBr  laser  in  trace  (b) 
and  the  e-beam  voltage  pulse  monitor  in  trace  (a) .  The  peak 
laser  power  of  about  50  kW  and  integrated  pulse  energy  of  3.2  mJ 
correspond  to  a  laser  efficiency  of  about  0.25%.  This  is  cer¬ 
tainly  a  lower  bound,  and  optimization  of  laser  mixtures,  pump¬ 
ing  power,  and  output  coupling  should  result  in  higher  efficiency. 
The  laser  pulsewidth  at  half-peak  intensity  is  about  60  ns  and 
broadens  to  130  ns  near  the  base  of  the  pulse  which  is  comparible 
with  the  pulsewidth  observed  in  spontaneous  emission.  Bottle¬ 
necking  of  the  lower  laser  levels  does  not  appear  to  be  limiting 
the  laser  pulse  length.  A  summary  of  the  results  of  these  small 
scale  experiments  is  shown  in  Table  10. 
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HgBr 


Figure  34.  Mercury  Bromide  Laser  Emission  and  Spontaneous 
Emission  Spectra 
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Figure  35. 


Hg  Br*  LASER 


VPEAK  =  ^50  kv 


PpEAK  =  50  kW 
3.2  mJ 

2.5  %  OUTPUT 
COUPLING 


HgBr  Data  Oscillogram  Trace  Showing  the  E-Beam 
Voltage  Pulse  and  the  Corresponding  Photodiode 
Laser  Signal 
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TABLE  10.  HgBr  LASER  CHARACTERISTICS 


•  WAVELENGTH  5018  R 

•  GAS  MIXTURE 

Ar/Xe/Hg/HBr  =  86 . 4%/10 . 8%/2 . 0%/ .  8% 


Ar  —  3  AMAGATS 

CELL  TEMPERATURE  275°C 

•  E-BEAM  ENERGY  DEPOSITION  3j 

•  INTRINSIC  EFFICIENCY  0.25% 

(2.5%  COUPLING) 

•  PEAK  POWER  60  kW 

•  PULSEWIDTH  100  nsec 


E.  HcjX *  FORMATION  KINETICS 

A  detailed  study  of  the  HgC ■  and  HgBr  molecular  kinetics 
with  e-beam  excitation  has  not  yet  been  performed.  However,  we 
will  summarize  the  relative  importance  of  several  formation  chan¬ 
nels  of  HgCf*  which  are  consistent  with  lasing  and  fluorescence 
data.  These  kinetics  are  summarized  in  Table  11. 

1 .  Ion-Ion  Recombination 

The  dominant  formation  channel  of  HgC'*  under  our  excitation 

conditions  is  the  rapid  three-body  recombination  of  Hg+  ions  with 

C  >'  ions.  The  suggested  ion-ion  kinetic  channeling  is  outlined 

in  Figure  36.  In  gas  mixtures  containing  high-pressure  xenon, 

the  high-energy  beam  electrons  deposit  most  of  their  energy  into 

the  formation  of  Xe+.  The  xenon  ions  and  neutrals  form  Xe2  +  with 

a  three-body  rate  constant  of  3.6  x  10  ^  cm^/s.  The  Xe~  + 

+  ^ 

can  then  undergo  charge  transfer  with  Hg  to  form  Hg  which  is 

energetically  near  resonance,  AE  =  0.8  eV  (exothermic).  This 

(68) 

reaction  may  exhibit  a  comparable  rate'  to  an  analogous,  near 
resonant  charge  transfer  reaction  involving  Ar2+  and  Kr  which 
forms  Kr+  with  a  rate  constant  of  7.5  x  10  cm^/s.  The 

C?  ions  is  formed  by  rapid  dissociative  attachment ^ 70 ^  of  second¬ 
ary  electrons  to  CC®^.  The  HgC®*  ionic  state  is  then  formed  by 
ion-ion  recombination  of  Hg+  and  C®  which  can  have  an  effective 
two  body  rate  constant  of  10  ^  cm^/s  at  pressure  of  interest . ^ ^ 
In  the  Ar/Xe  gas  mixtures,  the  observed  increase  in  HgC®,*  fluo¬ 
rescence  is  consistent  with  an  enhanced  formation  of  Hg+ .  This 
could  occur  via  additional  charge  transfer  reactions  involving 
Ar2+  and  Xe  Which  increase  Xe2  +  dnesity  and  the  Hg+  as  discussed 
above . 

2 .  Exchange  Reactions  and  Interception 

Fluorescence  spectra  obtained  from  Ar/Hg/CC®^  and  Xe/Hg/ 

CC®^  mixtures  clearly  indicate  the  formation  of  ArC®*  and  XeC®*. 
Displacement  reactions  can  follow  in  which  mercury  exchanges  with 
these  excited  molecules  to  form  HgC®*  as  shown  in  Figure  37. 
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TABLE  11.  HgC  >  *  KINETICS  ACTIVE  IN  Ar /Xe/Hg/CC I . 

E-BEAM  PUMP(ED  MIXTURES  4 


IC^-ION  RECOMBINATION 


,.23  -3  -1 

e  +  Ar 

Ar  +  e  +  e_ 

10  cm  sec 

Ar+  +  2Ar 

Ar2+  +  Ar 

~  c  31  6  -1 

2.5x10  cm  sec 

Xe+  +  2Xe 

* 

Xe2+  +  Xe 

->  t  ir,“31  6  -1 

3.6  x  10  cm  sec 

Ar2  +  +  Xe 

- 

ArXe+  +  Ar 

)  1  ,.—10  3  -1 

>  -  2  x  10  cm  sec 

ArXe+  +  Xe 

- 

Xe2  +  Ar 

) 

Xe2+  +  Hg 

Hg+  +  2Xe 

~  3  x  lO^^cm^sec  * 

es  +  Ar2+ 

-► 

Ar**  +  Ar 

-7  3  - 1 

6x10  cm  sec 

es  *  Xe2+ 

- 

Xe**  +  Xe 

,.-7  3  -1 

2  x  10  cm  sec 

-32  6  -1 

Ar*  +  2Ar 

-► 

Ar2*  +  Ar 

1 J  cm  sec 

.  ,„-32  6  -1 

Xe*  +  2Xe 

Xe2*  +  Xe 

5  x  10  cm  sec 

,  -7  3  -l 

+  ecu. 

-► 

Cl  +  CCl3 

10  cm  sec 

Hg+  +  Cl”  + 

Ar 

-*• 

HgCl*  +  Ar 

~  10  6cm3sec  1 

HgCl* 

-► 

hv  (5576  j?)  +  HgCl 

22  nsec 

EXCHANGE  REACTION 

Ar+  +  Cl”  + 

Ar 

-¥ 

ArCl*  +  Ar 

l  , .-6  3  -1 

>  ~  10  cm  sec 

Ar2+  +  Cl” 

-¥■ 

ArCl*  +  Ar 

) 

ArCl* 

-¥■ 

hv  (1750  S)  +  Ar  +  cl 

10  nsec 

Xe+  +  Cl”  + 

Ar 

-► 

XeCl*  +  Ar 

)  ,„-6  3  -1 

>  ~  10  cm  sec 

Xe2+  +  Cl” 

-► 

XeCl*  +  Xe 

1 

XeCl* 

-► 

hv  (3080  ff)  +  Xe  +  Cl 

16  nsec 

Hg  +  ArCl* 

-► 

HgCl*  +  Ar 

Hg  +  XeCl* 

-> 

HgCl*  +  Xe 

NEUTRAL' REACTION 

Hg*  +  CCl4 

-+ 

HgCl*  +  CCl3 

o  =  34  (S)2 
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Figure  36.  Ion-Ion  Recombination  Channel  Suggested  for  HgC£* 
Formation  in  Ar /Xe/Hg/CCS.^  Mixtures 
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The  rate  constant  for  an  analogous  reaction  involving  Kr  and 
ArF*  has  been  measured'  '  to  be  6.5  x  10  cm  /sec.  It  is 
expected  that  XeC£*  would  be  a  more  efficient  precursor  since 
dissociation  to  Xe  +  Cl*  should  have  a  smaller  rate  constant 
than  the  dissociation  of  ArC£*  to  Ar  +  cl*.  Although  the  rela¬ 
tive  importance  of  this  HgC£*  formation  channel  has  not  been 
determined,  the  competing  radiative  processes  of  ArC{*  and 
XeCS*  suggest  that  displacement  reactions  will  not  be  dominant. 
A  preliminary  measurement  of  XeC£*  quenching  by  Hg,  performed 
in  this  program,  indicates  that  the  branching  into  HgC£*  via 
XeC£*  +  Hg  -+  HgC£*  +  Xe  is  between  10-50%. 

The  formation  of  a  triatomic  species,  Kr?F*  in  KrF  laser 
mixtures  has  been  observed.  In  this  case,  the  triatomic 

formation  is  saturable  since  Kr^F*  formation  depends  on  the 
density  of  KrF*  which  is  driven  down  by  the  intense  laser  flux. 
Similar  processes  could  be  present  in  mercury  halide  laser 
mixtures.  If  Hg2C£*  is  formed,  it  will  probably  fluoresce  in 
the  near  infrared  >  7000 
3 .  Neutral  Channels 

The  mercury  metastable  channel  leading  to  HgC£*  through 
reaction 


Hg*(3P2)  +  CC  4  +  HgC£*  +  CC£3 

has  been  observed  to  have  a  reactive  cross  section  of  34  (i? ) 

and  a  branching  ratio  into  the  upper  laser  level  of  near  unity. 
Since  the  energies  of  the  mercury  metastables  Hg*  (6^)  are  about 
5  eV,  this  reaction  suggests  the  possibility  of  efficient  dis¬ 
charge  pumping  of  HgC£*.  However,  this  is  probably  not  an  im¬ 
portant  formation  process  for  e-beam  pumping.  The  fluorescence 
data  from  laser  mixtures  indicates  only  weak  emission  from 
higher  lying  mercury  levels  such  as  7  which  populate  the  6  P 
metastables.  When  the  CCl  ^  density  is  decreased  by  an  order  of 
magnitude,  to  about  1  Torr,  the  emission  from  HgC£*  shows  a 
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comparable  reduction  but  mercury  emission  from  increases 

significantly.  Thus,  for  laser  gas  mixtures  the  neutral  channel 
kinetics  do  not  appear  to  lead  to  efficient  mercury  metastable 
production  under  these  excitation  conditions.  It  is  interesting 
to  note  that  the  use  of  HBr  in  HgBr  lasing  mixtures  eliminates 
the  Hg*  metastable  channel  because  the  3.8  eV  H-Br  bond  strength 
renders  the  above  neutral  reaction  endothermic  by  roughly  .5  eV. 

The  absence  of  lasing  in  pure  Ar  mixtures  and  the  observed 

weak  lasing  in  pure  Xe  mixtures  suggests  the  possibility  that 

absorption  by  Ar2*  and  Xe2*  may  be  competing  with  the  HgC£* 

and  HgBr*  stimulated  emission  as  outlined  in  Figure  38.  The 

fluorescence  from  pure  Ar  and  pure  Xe  mixtures  were  comparable 

for  similar  e-beam  energy  deposition.  Strong  visible  absorption 

/  74  \ 

identified  with  these  rare  gas  eximers  has  been  observed 
during  e-beam  excitation  in  high  pressure  Ar  and  also  in  Xe. 
However,  in  Ar/Xe/Hg/CCSl .  gas  mixtures  the  strong  Ar  *  absorption 
is  possibly  reduced  via  the  rapid  quenching'  '  of  Ar2*  by  Xe. 

4 .  HgX*  Intrinsic  Efficiency 

Lasing  on  the  HgCS.*  and  HgBr*  band  transitions  introduces 
new  high-power  laser  sources  at  visible  wavelengths.  The  detailed 
molecular  kinetics  in  these  gas  mixtures  have  yet  to  be  established 
in  order  to  assess  the  possible  efficiency  and  scalability  of  these 
lasers.  The  measured  intrinsic  efficiencies  are  the  result  of  in¬ 
creased  output  coupling.  The  optimization  of  laser  mixtures  and 
pumping  power  presently  underway  should  result  in  higher  values. 

In  pure  e-beam  pumping,  the  maximum  effective  quantum  efficiency 
of  9%  is  limited  by  the  26  eV  needed  to  form  an  argon  ion.  Thus, 
the  observed  value  of  3.8%  indicates  efficient  HgCJl*  formation. 

If  a  discharge  were  used  to  pump  the  Hg*  (6p)  metastable  levels 
directly  and  form  HgX*  via  neutral  reactions  such  as  the  effective 
quantum  efficiency  would  be  roughly  50%. 
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Figure  38.  Suggested  Formation  Channels  for  Dominant  Species 
which  Absorb  at  the  Laser  Wavelength  A  in 
Ar/Xe/Hg/CCil^  Mixtures 
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V.  THEORETICAL  EFFORT 


A.  RARE  GAS  METASTABLE  PHOTOIONIZATION 

ill) 

In  a  typical  laser  mixture  consisting  of  ~  0.1%  F2/2% 

Kr/97.9%  Ar  at  atmospheric  pressures,  the  most  important  photo¬ 
absorption  processes  in  the  KrF  discharge  laser  are:  (1)  F^ 

absorption,  (2)  photoionization  of  excited  states  of  argon  and 
krypton,  and  (3)  possible  absorption  in  the  rare  gas-halide 

"molecules"  themselves.  Absorption  due  to  F_  is  fairly  well 

(78)  ^ 

understood,  and  constitutes  the  major  loss  mechanism,  while 

process  (3)  cannot  be  treated  theoretically  until  accurate  poten¬ 
tial  energy  curves  for  the  high-lying  excited  states  of  KrF  and 
ArF  are  available.  Photoionization  of  Ar*  and  Kr*  is  amenable  to 
theory,  and  we  have  therefore  calculated  the  relevant  cross  sec¬ 
tions.  Besides  representing  a  loss  mechanism  for  the  X  =  2486  $ 
laser  radiation,  the  photoionization  process  produces  additional 
free  electrons,  and  may  thus  affect  the  discharge  kinetics. 

Partial  energy  level  diagrams  for  argon  and  krypton  are 
shown  in  Figure  39.  Due  to  the  large  spin-orbit  splitting  in 


the  core,  the  excited  levels  form  two  separate  series,  np 


5  2, 


3/2 


mf ' (J) ,  converging  toward  two  different  ionization  limits,  I  and 
I'.  To  simplify  the  calculation,  we  have  averaged  over  the 
J-substates.  When  this  is  done,  it  is  found  that  the  binding 
energies,  I-E  .  and  I'-E  . ,  (which  are  the  eigen-values  required 

m  ~  m  'v  *  iy  ^  v 

for  determining  the  wavefuntions )  are  almost  identical,  so 

that  it  is  a  good  approximation  to  further  average  over  the  core 
2  2 

states,  Pi/2  an<^  P3/2’  We  t*len  finally  obtain  the  four  excited 
states  considered  in  the  calculation:  Ar*  =  Ar  (3p^  4s), 

Ar**  7  Ar  (3p^  4p) ,  Kr*  =  Kr  (4p^  5s),  and  Kr**  =  Kr  (4p5  5p) . 

The  Ar*  and  Kr*  states  include  the  important  metastable  levels, 
while  the  Ar**  and  Kr**  states  are  important  due  to  the  large 
cross  sections  for  electron  impact  processes  of  the  type 
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KRYPTON 


T  ■  T 

I 

I 
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C0RE>3p9(2P  .)  !  C0RE-4p9(2P  ) 

'z  ’  >Z  I  \  •  '/2 

63283 

Figure  39.  Partial  Energy  Level  Diagrams  for  Argon  and  Krypton 
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e  +  X*  *  e  +  X**  (X  =  Ar,  Kr) .  Since  the  laser  photon  has  an 
energy  close  to  5  eV  ('  =  2486  R )  ,  it  is  obvious  from  Figure  39 
that  all  four  states  can  be  photoionized . 

The  cross  section  for  photo- ionizat ion  of  the  iru*"^  state 
is  given  by 


(mf )  =  2.69  x  10 


-18 


(I 


m  £ 


I  2  ?  +  1 


R 


t  +  1 


2£  +  1  C  - 


(cm2) 


(3) 


where  I  £  is  the  ionization  energy  and  c  is  the  energy  of  the 
free  electron  [all  energies  are  in  Rydbergs  (1  Ry  =  13.6  eV) ] . 
R  is  the  radial  matrix  element,  given  by 


Rt.  4  1  =  /  Pmtlr)  rPc,t  ±  l|r)  dr' 

O 


and  P (r )  is  the  solution  of  the  radial  Schrodinger  equation. 


M£  +  1) 


+  e  +  V  (r) 


P(r) 


0 


(5) 


with  V(r)  being  the  atomic  potential.  The  differential  Eq. 
(5)  for  the  bound  state  pmSj  (t)  and  the  continuum  state  P^.fr) 
is  essentially  the  same,  the  main  difference  between  the  two 
being  the  boundary  condition  at  4  +  “>: 


c  <  0 , 


Pm£(r) 


0 


(6) 
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>0,  P  .  (r)  -»  "_1/2  t-  1/4  sin 


1/2 


r  -  i-/2 


1/2  .'n(2r1/2  r)  +  (  l  )  +  *  .  (•  ) 


(7) 


-1/2 

whore  o  (  )  -  arg  I  ( i  +  1  -  ic  )  and  5  ,  ( >  )  is  the  phase  shift . 

To  solve  Eq.  (5) ,  we  must  specify  the  potential,  V(r) .  We  have 
adopted  the  central-field  approximation,  which  is  consistent 
with  our  method  for  obtaining  the  average  excited-state  energies 
we  thus  obtain 


V(r) 


§  Y(r) 


+ 


2.2 
ro  > 


(8) 


The  first  term  in  Eq.  (8)  is  the  central-field  Hartree-Fock 
potential  given  by 


Y  (r)  =  Z 


n£ 
(core) 


/ 


ni 


dr  ’  +  r 


/ 


nl 


dr’ 


(9) 


where  Z  is  the  nuclear  charge,  and  the  sum  extends  over  all 
electrons  in  the  ionic  core.  For  the  we  have  used  the 

n ^  (80) 

analytic,  Hartree-Fock  functions  of  Clementi  and  Roetti. 

(81 

The  second  term  in  Eq.  (8)  is  the  polarization  potential, 

with  a  being  the  core  polarizability  and  rQ  representing  a 

cutoff  radius.  The  core  polarizabilities  for  Ar  and  Kr  have 

not  been  measured  or  calculated,  and  we  therefore  used  the 

scaling  law^2^  a  ~  Z  r  4  to  obtain  the  required  values  from 
(8384)  ® 

the  known'  '  '  polarizabilities  of  the  alkali  ions  and 

halogens.  The  value  of  rQ  was  taken  to  be  the  mean  radius 
of  the  outer  shell  of  the  core: 
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(10) 


o 


np 


/'• 


np 


(r)  ] 


r  d  r 


where  aqain  v  is  the  Hartree-Fock  wavefunction  of  the 

np 

outer  np  electron.  The  final  values  used  in  V(r)  were:  for 

the  Ar  core,  r  =  1.559  a  and  u  =  8.85  a  and  for  the  Kr 
o  o  o 

core,  r  =  1.843  a  and  a  =  14.9  a  (where  a  is  the  Bohr  radius) 
o  o  o  o 

The3  Schrodinger  Eq.  (5)  was  solved  numerically  for  P(r), 

and  the  cross  section  (1)  was  calculated  over  a  range  of  energies, 

The  results  are  shown  in  Figures  40  and  41,  where  the  cross 
2 

sections  (in  cm  )  are  plotted  against  the  f ree-electron  energy 

(in  Ry) .  In  Figure  40,  the  solid  curves  represent  the  calculated 

cross  sections  for  Ar*  la (4s)]  and  Ar**  la(rp)],  while  Figure  41 

shows  the  cross  section  for  Kr*  [a (5s)]  and  Kr**  [o5(p) ] .  The 

results  are  very  similar  to  the  photo- ionization  cross  sections 

of  the  analogous  alkali  atomic  states.  The  Ar*  (4s)  and  Kr*  (5s) 

(85) 

curves  both  have  the  characteristic  alkali-like  minimum1  just 
above  threshold,  where  the  matrix  element,  R,  changes  sign. 
Although,  in  the  present  approximation  the  cross  sections  go  to 
zero,  it  is  known1  that  the  minimum  has  in  fact  a  small  non¬ 
zero  value  due  to  spin-orbit  effects  in  the  continuum.  Again, 
as  in  the  case  of  the  alkalis,  the  cross  sections  for  the  next 
higher  Ar**  and  Kr**  p  states  are  much  larger  than  for  the  s 
states.  This  similarity  between  the  rare  gas  excited  states  and 
the  alkalis  is  not  surprising,  since  the  respective  binding 
energies  are  almost  identical.  In  addition,  the  rate  gas 
metastables  and  corresponding  alkalis  have  very  similar  polariza¬ 


bilities  . 


(86) 


Finally,  the  entire  ionic-bonding  structure  of 


the  rare  gas-halide  upper  laser  level  is  in  direct  analogy  with 

the  properties  of  the  alkali-halides. 

To  our  knowledge,  no  date  or  previous  calculations  exist 

(87) 

for  these  cross  sections.  Dunning  and  Stebbings1  have  re¬ 
ported  measured  values  for  the  upper  limit  of  the  photo-iom  zatu  >r 
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ABSORPTION  CROSS  SECTION  (cm2) 


hy  +  Ar**(4p)  -^Ar^+e 


Figure  40.  Photoionization  Cross  Sections  for  the  Ar*  State, 
a (4s),  and  the  Ar**  State,  a(4p).  The  dashed 
curve  represents  the  renormalized  theory  for 
Ar*  (see  text) . 
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EXCESS  ELECTRON  ENERGY  (Ry) 


Figure  41.  Photoionixation  Cross  Sections  for  the  Kr*  State, 
o(5s)  and  the  Kr**  State,  a(5p) 
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metastable 


cross  sections  at  threshold  for  the  Ar*  and  Kr*,  ^Pq  2 
states,  and  these  values  are  shown  as  the  open  circles  in  Fig¬ 
ures  40  and  41.  Although  these  are  only  upper  limits,  their 

(88) 

accuracy  is  considered  to  be  better  than  a  factor  of  two, 1 
and  so  they  allow  some  comparison  to  be  made  between  the  theory 
and  experiment.  The  agreement  is  very  good  for  Kr*,  but  the  Ar* 
theoretical  value  is  considerably  too  low.  Further  analysis 
indicates  that  the  calculations  for  the  Ar*  and  Kr*,  s  state 
cross  sections  are  extremely  sensitive  to  the  details  of  the 
model,  particularly  near  threshold  where  the  cross  section  is 
falling  rapidly  to  zero.  This,  however,  is  not  the  case  for 
the  Ar**  and  Kr**,  p  state  calculations.  They  are  quite  in¬ 
sensitive  to  the  detailed  model  and  therefore  the  theoretical 
values  should  be  reliable.  To  obtain  the  absorption  coefficient, 
we  have  renormalized  the  Ar*  theoretical  curve  so  as  to  agree 
with  the  experimental ,  upper-limit  value  at  threshold.  The 
dashed  curve  in  Figure  40  represents  the  renormalized  theory, 
extrapolated  to  e  =  0.061  Ry  (X  =  2486  if)  .  The  other  curves 
are  sufficiently  accurate  so  that  they  do  not  require  further 
adjustment.  The  key  result  of  the  calculation  is  that,  at 
X  =  2486  £ ,  the  ratio  of  p  state  to  s  state  cross  sections  is 
~30:1,  so  that  if  the  X**  state  (X  =  Ar,Kr)  is  significantly 
populated  in  the  discharge,  it  will  dominate  the  photo- ionization 
process . 

To  calculate  the  absorption  length  in  the  laser  due  to 

photo-ionization,  it  is  necessary  to  know  the  population  of  the 

various  excited  states  for  the  appropriate  discharge  conditions. 

Since  this  information  is  not  available,  we  have  plotted  in 

Figure  42  the  absorption  length  L  (in  cm)  at  X  =  2486  S  vs  the 

-3 

total  excited-state  number  density  N(s)  +  N(p)  (in  cm  )  for 
various  possible  relative  populations.  Defining 


n 


=  N(P) 
N(s) 


[X**} 

[X*] 


(X  =  Ar ,Kr) 
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we  show  in  Figure  42  the  results  for  n  =  0.01,  0.1  and  1.0  for 
argon  (dashed  lines)  and  krypton  (solid  lines).  It  is  estimated 
that  0.1  <  n  <  1  and  N(s)  +  N(p)  ~  5  x  10^  cm  ^  for  both  argon 
and  krypton  combined,  so  that  L  ~  2  x  10^  cm,  giving  an  absorp¬ 
tion  of ~ 5%/m  per  pass;  this  is  within  a  factor  of  2  of  the 
absorption  loss.  Since  the  major  absorption  due  to  the  photo¬ 
ionization  process  is  due  to  the  X**  state,  it  is  desirable  to 
operate  at  fairly  low  values  of  [X**]/[X*]. 

To  summarize,  we  have  calculated  the  photo-ionization 
cross  sections  for  several  excited  states  of  argon  and  krypton. 

The  absorption  loss  due  to  this  process  is  found  to  be  significant 
under  typical  discharge  laser  operating  conditions,  but  the  effect 
can  be  minimized  by  running  at  relatively  low  excited-state  den¬ 
sities,  a  condition  that  is  compatible  with  discharge  stability . 


99 


ZJ7AVCO  EVERETT 


N  (s)+N(p)  ( cm"’) 


Figure  42.  Absorption  Length  at  \  =  2486  R  vs  Total  Excited- 
State  Number  Density.  The  dashed  lines  are  for 
argon  and  the  solid  lines  for  krypton. 
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B.  MERCURY  HALIDE  RADIATIVE  LIFETIMES 


This  section  will  discuss  the  application  of  a  charge 
transfer  model  to  calculate  the  oscillator  strengths  and  radia¬ 
tive  lifetimes  for  the  mercury-monohalide  laser  transitions 
B^'  1/2  ”  *^1/2"  To  our  ^now^-e<^<3e'  no  previous  calculations 
of  the  radiative  lifetimes  of  these  systems  have  been  attempted. 
Dunning  and  Hay^^  have  performed  ab  initio  calculations  for 
KrF,  in  which  they  computed  both  the  potential  energy  curves 
and  oscillator  strengths.  Their  calculation  involved  an  ex¬ 
tensive  configuration-interaction  treatment,  utilizing  between 
2000-3000  configurations.  Although  such  calculations  are 
valuable,  they  are  enormously  time  consuming  and  must  be  applied 
individually  to  each  state  of  each  rare  gas-halide  pair.  This 
approach  is  clearly  not  in  a  form  from  which  general  conclusions 
can  be  drawn  and  applied  to  the  whole  class  of  rate  gas-halide 
systems.  It  would  therefore  be  desirable  to  have  available  a 
simpler  model,  from  which  one  can  make  fairly  reliable  predictions 

for  a  wide  range  of  systems.  The  simple  charge  transfer  theory 

(91) 

developed  originally  by  Mulliken  and  used  by  Zare  and 

/  92 ) 

Herschbach  for  the  alkali  halides,  appears  to  be  a  scheme 

capable  of  being  generalized  to  a  wide  variety  of  systems  for 

which  the  "ionic-bonding"  model  holds,  including  the  alkali 

halides,  rare  gas-halides,  and  mercury-monohalides.  The  alkali- 

(17) 

halide  analogy  has  been  extremely  successful  in  predicting 

the  properties  of  the  rare  gas-halides,  and  the  use  of  the  charge 
transfer  model  to  calculate  the  transition  strengths  can  be 
thought  of  as  simply  an  extension  of  the  analogy. 

The  basic  idea  behind  the  charge  transfer  theory  is  that 
the  electron  initially  localized  around  the  halogen  center,  in 
the  upper  M+X  state,  "jumps"  or  is  transferred  to  the  mercury 
positive  ion,  filling  the  p-state  vacancy,  and  thus  ending  up 
in  the  MX  atomic  ground  state.  This  is  essentially  a  "valence 
bond"  picture,  in  which  the  electron  is  transferred  from  one 
atomic  center  to  the  other.  For  example,  in  the  mercury  chloride 

101 


^7AVCa  EVERETT 


B  -*■  X  transition  an  electron  which  is  initially  localized  on  the 

C'  atom,  forming  C  ■.  ,  is  transferred  to  the  Hg+  ion  resulting 

in  the  ground  state  configuration  of  mercury  chloride. 

In  general,  the  mercury-halides  are  closely  analogous  in 

structure  to  the  rare  gas-halides.  The  upper  laser  level  is 

"ionic",  while  the  ground  state  is  primarily  "atomic".  There 

are,  however,  some  significant  differences  between  the  two 

systems.  The  upper  level  of  the  mercury-halides  correlates 
+  2  -  1 

with  the  Hg  (  x  (  Sq)  atomic  states  so  that  only  a  single 

J0  ionic  state  is  formed.  The  ground  state  correlates  with 

i  /z  1  2 

the  Hg  (  S^)  +  X(  P3/2  1/2^  atomic  limit,  so  that  we  obtain 

2 1  / 2 '  an<^  2'>'l/2  m°lecular  states,  as  in  the  case  of  the  rare 

gas-halides.  A  more  important  difference  is  that  the  ground 

states  of  the  mercury-halides  are  essentially  bound  states  with 

(93) 

the  binding  energy  ranging  from  0.36  eV  for  Hgl  to  1.04  eV  for 

HgC£.  With  the  exception  of  XeF ,  which  is  slightly  bound,  all 
of  the  rare  gas-halide  ground  states  are  repulsive. 

Although  the  upper  and  lower  states  are  predominantly 
ionic  and  covalent,  respectively,  it  proves  to  be  essential  to 
allow  for  mixing  between  these  states  in  order  to  obtain  reason¬ 
able  results  from  the  theory.  The  mixed  X  and  B  state  wavef unc¬ 
tions  can  be  expressed  as 


V  =  N0  (f1  +  a  YC) , 

'Fx  =  Nx  ('I'C  ~  3  ’i'1) ' 


(12) 


with  a  =  ( B  -  S )  /  ( 1  -  3S)  ,  and  where  H'1  and  Yc  are  the  purely 

ionic  and  covalent  wavef unctions ,  N  and  N  are  normalization 

^  i  c 

constants,  S  is  the  overlap  integral  between  V  and  V  ,  and  6 
is  the  mixing  coefficient.  Except  for  very  large  values  of 
the  internuclear  distance,  S  is  non-zero  so  that  S  as  well  as 
6  must  appear  in  the  expression  for  a  in  order  to  make  the 
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initial  and  final  wavef unctions  orthogonal.  A  major  difficulty 

in  the  theory  is  the  specification  of  the  nixing  parameter 

Given  the  lack  of  data  on  the  mercury-monohalides,  we  have  used 

the  procedure  outlined  by  Coulson'  to  estimate  the  degree  of 

ionic  character  of  the  ground  state  from  the  electronegativities 

of  the  mercury  and  halogen  atoms.  The  values  for  the  percent 

2  2 

ionic  character  [i.e.,  100  B  /(I  +  3  )]  obtained  in  this  way 
are  given  in  Table  12.  The  electronegativities  can  also  be  used 
to  determine  the  so-called  covalent-ionic  resonance  energy,  1, 
which  is  simply  the  ionic  contribution  to  the  binding  energy. 

The  values  of  A  (in  eV)  turn  out  to  be  1.2,  0.81,  and  0.36  for 
HgC£,  HgBr,  and  Hgl,  respectively,  as  compared  to  the  experimental 
dissociation  energies  (in  eV)  of  1.0,  0.7,  and  0.36.  It  may 
thus  be  inferred  that  the  electronegativity  method  tends  to  over¬ 
estimate  the  mixing  parameter. 

In  order  to  complete  the  definition  of  the  wavef unctions 
in  Eq.  (12)  it  remains  to  determine  the  one-electron  orbitals 
that  make  up  yc  and  H'1.  In  keeping  with  the  valence  bond  picture 
we  have  adopted,  1°  and  4'1  are  simply  taken  to  be  products  of 

unperturbed  atomic  (ionic)  wavef unctions .  The  analytic  Hartree- 

(98) 

Fock  functions  of  Clementi  and  Roetti '  were  used  for  the  atomic 
and  ionic  halogen  wavef unctions .  Unfortunately,  no  such  func¬ 
tions  exist  for  neutral  or  singly-ionized  mercury.  A  further 
complication  arises  from  the  fact  that  relativistic  effects  are 
non-negligible  for  the  mercury  valence  orbital.  Since  the 

valence  electrons  are  in  an  s-state,  the  most  important  relativ- 
(99) 

istic  effect  is  a  contraction  of  the  radial  wavefunction 

toward  the  nucleus,  due  to  the  absence  of  a  repulsive  angular 
momentum  barrier.  We  have  therefore  calculated  a  non-relativistic 
Hartree-Fock-Slater  (HFS)  wavefunction,  utilizing  the  Herman- 
Skillman  computer  program, and  scaled  the  function  according 
to  the  formula 

P'lr)  =  v1/2Pnon.rel.  <yr> 
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so  as  to  reproduce  the  expectation  values  <  rn >  tabulated  by  Lu 
et  from  their  relativistic  HFS  program.  The  calcula¬ 

tion  was  made  for  n  =  -1,  1,2  and  in  all  cases  'i  »1.16  for  Hg; 

+  • 

the  same  value  was  used  for  Hg  .  The  final  function,  P  ( r ) , 

were  then  represented  by  a  sum  of  Slater-type  orbitals  (STOs) 

using  a  nonlinear  least  squares  fitting  procedure.  The  basis 

set  for  the  6s  functions  of  Hg  and  Hg+  consisted  of  eight  STOs. 

With  the  wavef unctions  given  in  Eq.  (12),  the  transition 

dipole  moment  can  be  reduced  to  an  expression  involving  only  one- 

electron  terms.  Consider  that  the  ionic  and  covalent  molecular 
i  c 

wavef unctions  Y  and  T  are  expressed  in  terms  of  products  of 
atomic  wavefunctions  for  Hg,  Hg+,  X  and  X  (X  =  CC,  Br,  I)  by 


^  =  <%+)  <v> 


*  =  <v  <v- 


(13) 


These  atomic  wavefunctions  are  represented  by  Hartree-Fock 
functions  composed  of  products  of  one-electron  wavefunction ,  if. 
Then,  the  transition  dipole  moment  p  can  be  shown  to  be  given  by 


U  =  NbN  I  <*HoM*x->  (l-a6)x 

y  (14) 

+  a<%!r!%>  -13  <*x-\r\*x->  1, 


where  is  the  initial  wavefunction  of  the  active  electron  cen¬ 
tered  on  the  negative  halogen  ion  (X  )  ,  ^  is  the  final  state 

one-electron  wavefunction,  r  is  the  position  vector,  and  x  is 
an  overlap  integral  involving  all  of  the  electron  orbitals  not 
involved  in  the  transition.  All  two-center  integrals  were 
evaluated  from  an  expansion  developed  by  Sharma^02*  for  the 
case  of  one-electron  wavefunctions  expressed  as  a  sum  of  STOs. 
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The  calculation  of  the  overlap  function  S  <  i c  >  and  the 

parameter  a  for  various  mercury  monohalides  are  given  in  Table  12. 
All  these  calculations  depend  on  a  choice  of  molecular  inter- 
nuclear  separation.  An  experimental  value  for  the  equilibrium 
internuclear  distance  exists*103*  for  the  ionic  state  of  HgC ; , 
but  not  for  the  other  halides.  In  order  to  estimate  these 
distances,  the  relative  sizes  of  the  alkali  halides  were  used  as 
a  guide.  It  was  found  that  the  internuclear  separation  of  the 
alkali  bromides  are  %3%  larger  than  those  of  the  alkali  chlorides 
while  the  iodides  are  s^l2%  larger.  The  internuclear  distances 
of  the  Hg-halides  were  scaled  accordingly,  and  are  given  in 
Table  12. 

The  results  of  the  calculations  for  the  B-»-X  transitions 

are  summarized  in  Table  12.  The  radiative  lifetime  of  the  transi- 

3  4  2 

tion  is  given,  in  terms  of  the  quantity  y ,  by  t  =  3h\  / 6 4 tt  y 
where  A  is  the  transition  wavelength.  The  model  predicts  a  de- 

3 

crease  in  lifetime  with  increasing  halogen  size  due  to  the  A 
dependence.  There  is  a  competing  trend  caused  by  a  decrease  in 
the  dipole  matrix  element,  but  this  effect  is  much  weaker.  In 
Table  12,  we  also  show  results  of  experimental  measurements  of 
the  HgX  radiative  lifetimes.  Theory  and  experiment  are  in  good 
agreement  for  HgC£.  The  theoretical  value  is  only~30%  lower 
than  the  measured  value  for  HgBr  and  ~ 50%  lower  for  Hgl  which  is 
quite  satisfactory  considering  the  simplicity  of  the  model. 

Further  calculations  were  carried  out  to  test  the  sensitivity  of 
the  results  to  the  various  parameters.  When  the  internuclear 
distance  was  varied  by  5%,  the  lifetime  changed  by  less  than  5% 
in  all  cases.  As  discussed  earlier,  the  mixing  coefficients  are 
the  parameters  which  contain  the  greatest  uncertainty.  To  give 
some  idea  of  the  sensitivity  of  our  calculation  to  the  percent 
ionic  character  of  the  ground  state,  the  radiative  lifetime  of  each 
mercury  monohalide  is  plotted  as  a  function  of  the  mixing  coef¬ 
ficient  in  Figure  43.  The  value  of  the  mixing  coefficient  inferred 
from  the  electronegativity  is  indicated  for  each  molecule  in 
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LIFETIME  (  nsec) 


Figure  43.  B  -*■  X  Radiative  Lifetime  of  HgX*  as  a  Function  of 
the  Ionic  Mixing  Coefficient,  B 
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Figure  43  by  the  cross.  From  our  earlier  arguments,  we  expect 
these  mixing  coefficients  in  Table  12  to  be  overestimates,  so  that 
from  Figure  43  the  calculated  lifetimes  are  expected  to  be  some¬ 
what  too  small.  This  is  consistent  with  the  comparison  between 
theory  and  experiment  for  HgBr  and  Hgl.  The  sensitivity  of  the 
radiative  lifetime  to  a  variation  of  the  mixing  coefficient  8  can 
be  estimated  from  Figure  43.  The  8  values  used  in  the  calculation 
are  observed  to  be  larger  than  the  8  values  inferred  by  the  ex¬ 
perimental  measurements  consistent  with  earlier  discussion. 

Finally,  an  estimate  of  the  importance  of  effects  such  as 
HgX*  polarization  and  the  broadband  emission  spectrum  were  con¬ 
sidered  and  are  included  in  Ref.  104.  It  should  be  pointed  out 
that  spin-orbit  effects  have  been  neglected.  While  this  effect 
is  expected  to  be  small  for  HgC£,  it  may  become  more  important 
for  the  heavier  halides  HgBr  and  in  particular  Hgl. 
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VI .  INTERHALOGEN  RESEARCH 


This  section  discusses  interhalogen  research  carried  out 
under  this  contract.  The  primary  accomplishments  are  summarized 
in  Table  13.  The  section  will  first  develop  the  motivation  for 
interhalogen  research  and  proceed  to  describe  the  analytical 
model  and  experimental  results. 

A.  CRITERIA  FOR  LASER  CANDIDATES 

Experience  gained  from  the  rare  gas  and  mercury  monohalide 
lasers  suggests  several  important  criteria  by  which  new  laser 
candidates  can  be  considered.  These  criteria  are  summarized  in 
Table  14. 

•  Molecular  excited  states  which  are  ionic  in 

character  provide  the  advantage  of  formation  via 
long  range  reactive  collisions  which  efficiently 
channel  into  the  upper  laser  level. 

For  example,  formation  processes  for  the  ionic  states  of  HgCl* 
and  KrF*  include  ion-ion  recombination: 

Kr 2  +  F~  -►  KrF*  +  Kr 
k  -  2-3  x  10-6  cm3/sec 
Hg+  +  Cl'  +  Ar  -►  Had*  +  Ar 
k  ~  2  x  10  ^  cm^/sec 

neutral  reactions: 

Kr*  +  F2  -+  KrF*  +  F 
-10  3 

k  =  8  x  10  cm  /sec 

Hg*  +  Cl2  >  HgCl*  +  Cl 
- 10  3 

k  -  3.8  x  10  cm  /sec 
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and  also  replacement  collisions: 

Kr  +  ArF*  -►  KrF*  +  Ar 
^  =  5  x  10  ^  cmVsec 
Hq  +  XeCl*  -»  HgCl*  +  Xe 
k  ..  3  x  If)  ^  cm^/sec 
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TABLE  13 


SUMMARY  OF  INTERHALOGEN  RESEARCH 


•  FORMATION  OF  INTERHALOGEN  SPECIES  IC£*,  IBr*,  BrC£*,  BrF* 
IN  ARGON /HALOGEN  DONOR  MIXTURES 

-  EXCITED  SPECIES  DENSITY  1013  -  1014  cm'3 

-  EMISSION  WAVELENGTHS  300  nm  -  450  nm 

-  FLUORESCENCE  EFFICIENCY  1-3% 

•  INTERHALOGEN  IONIC  MODEL  CALCULATED 

-  TRANSITION  WAVELENGTHS  ESTIMATED 

-  EXPERIMENTAL  AGREEMENT  WITHIN  10% 

•  NEUTRAL  FORMATION  CHANNEL  OBSERVED  IN  ARGON  MIXTURES 

•  ION-ION  FORMATION  CHANNEL  PREDICTED  FOR  NEON  MIXTURES 
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TABLE  14 


CRITERIA  FOR  NEW  LASER  CANDIDATES 


•  IONIC  UPPER  LASER  LEVEL 

-  EFFICIENT  FORMATION  CHARACTERIZED  BY  LARGE 

CROSS  SECTIONS  AND  NEAR  UNIT  BRANCHING  RATIOS 


•  COVALENT/REPULSIVE  OR  SLIGHTLY  BOUND  LOWER  LASER  LEVEL 

-  DEPLETION  BY  THERMAL  DISSOCIATION  (XeF) 

IF  SLIGHTLY  BOUND  (Tq  >  i-  D  ) 

~  zo  e 

-  LARGE  DIFFERENCE  IN  INTERNUCLEAR  SEPARATION  (HgCl) 
VIBRATIONAL  RELAXATION 

•  POSITION  OF  ATOMIC/MOLECULAR  STATES  RELATIVE  TO  IONIC 
POTENTIAL  CURVE 

-  IONIC  STATE  PREDISSOCIATION  (Arl* ,  ArBr*) 

-  FORMATION  VIA  METASTABLE  REACTIONS 

•  POSITION  OF  HIGHER  LYING  ELECTRONIC  LEVELS  OF  THE  MOLECULE 

-  LOW  SELF  ABSORPTION 
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The  reaction  rates  shown  above  have  been  determined  for 
both  KrF*  formation  processes ^ ^ ^ ^  and  for  HgCl*  forma- 
tion  .  The  reaction  branching  ratios  into  the  ionic 

excited  state  of  KrF*  are  near  unity  for  all  of  the  above  for¬ 
mation  channels. 

•  Molecular  ground  states  which  are  repulsive  or 
character ized  by  a  strong  covalent  bond  avoid 
rapid  bottlenecking  during  the  laser  pulse. 

The  lower  state  need  only  be  repulsive  enough  for  rapid  molecular 
dissociation  and  may  even  be  relatively  flat  as  in  the  case  of 
KrF  shown  in  Figure  44.  In  fact,  a  strongly  repulsive  lower 
state,  such  as  the  Xe ^  ground  state,  may  not  be  desirable  since 
this  could  broaden  the  transition  bandwidth  and  hence  decrease 
the  gain. 

A  strong  covalent  ground  state  may  be  acceptable  for 
candidate  molecules  having  a  bound-bound  transition.  As  a  rule, 
covalent  bonds  exhibit  much  smaller  internuclear  equilibrium 
separations  than  ionic  bonds.  As  shown  in  Figure  45  for  HgCl, 
this  results  in  a  lower  laser  level  which  is  a  high  lying 
vibrational  level.  In  the  case  of  HgCl,  the  lower  level, 
v"  =  22,  has  been  observed  to  be  rapidly  relaxed  in  high-pressure 
laser  gas  mixtures  durina  laser  pulses  of  100  nsec.  If  the  well 
depth  is  adequately  large  the  manifold  of  lower  state  vibra¬ 
tional  levels  can  be  large  enough  to  maintain  a  negligible 
population  in  the  lower  laser  level  even  in  the  presence  of 
rapid  relaxation.  In  this  way,  bottlenecking  of  a  bound  lower 
laser  level  may  be  avoided  for  pulses  the  order  of  1  psec. 

This  constraint  on  the  lower  laser  level  eliminates  the  alkaline 
earth  monohalides  as  scalable  laser  candidates  since  the  ground 
state  as  well  as  the  first  excited  state  are  ionic  character. 

For  example,  in  CaCl  the  internuclear  separations  for  the 
ground  and  excited  states  are  identical.  In  this  case,  the 
most  intense  transition  in  a  high  pressure  laser  medium  is 
v’  =  0  >  v"  =  0  and  this  would  incur  rapid  bottlenecking. 
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ENERGY  ( e  V ) 


Figure  44.  Estimated  Potential  Curves  for  KrF 
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Figure  45.  Estimated  Potential  Curves  for 
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•  The  position  of  molecular  states  below  the  ionic 
excited  state  is  critical  to  both  formation  and 
quenching  of  this  excited  state  via  potential  curve 
crossing . 

States  whose  potential  curve  cross  the  ionic  potential  curve  far 
above  the  minimum  may  be  useful  in  the  formation  of  the  ionic 
molecular  state  via  neutral,  or  harpoon  reactions.  As  shown 
in  Figures  44  and  45,  metastable  Kr*  and  Hg*  atoms  open  the 
respective  formation  channels: 

Kr*  (3P2)  +  f2  *  KrF*  +  F 
k  =  8  x  10  ^  cm3/sec 
Hg*  (3P2)  +  CC14  HgC  1  *  +  CC13 

k  =  2  x  10  ^  cm3/sec 

It  should  be  cautioned  that  excited  states  which  cross 
the  ionic  potential  curve  near  its  minimum  can  lead  to  rapid 
dissociation  of  the  ionic  molecule.  An  example  of  this  is  in¬ 
dicated  by  the  potential  curves  for  Arl  shown  in  Figure  46. 

In  fact,  Arl*  emission  is  totally  quenched  by  this  predissocia¬ 
tion  and  every  Arl*  simply  leads  to  the  creation  of  an  excited 
iodine  atom,  I*.  A  similiar  situation  occurs  for  ArBr* ,  re¬ 
sulting  in  Br*  production.  In  fact  this  predissociation  has 
/  54 ) 

been  suggested  as  the  primary  formation  process  for  the 

Br2*  laser. 

Clearly,  if  the  ionic  curve  minimum  is  far  enough  above 
lower  molecular  states,  branching  into  these  lower  states  can 
be  avoided.  This  condition  can  be  satisfied  in  molecules 
composed  of  atmos  have  a  ground  state  configuration  which  is 
closed  shell,  "'‘Sq,  namely  the  rare  gases,  Zn,  Cd,  and  Hg,  and 
the  alkaline  earths;  or  atoms  with  one  electron  less  than  a 
closed  shell,  the  halogens.  With  the  exceotion  of  iodine, 
these  atomic  species  do  not  contribute  states  lying  several 
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Figure  46.  Estimated  Potential  Curves  for  Arl 
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electron  volts  above  the  ground  states  from  which  lower  molecular 
potentials  can  be  formed.  Thus,  the  excited  state  ionic  molecular 
curve  can  extend  down  to  an  energy  of  several  eV  without  cross¬ 
ing  many  lower  molecular  curves.  Transitions  from  the  lowest 

vibrational  levels  of  such  ionic  potentials  result  in  visible  and 

4 

near  UV  wavelengths.  In  contrast,  (np)  outer  shell  electron 
configurations  such  as  oxygen,  selenium  and  sulfur  have  and 
states  which  lie  within  1-3  eV  of  the  ground  state.  These 
will  lead  to  molecular  potentials  which  cross  the  ionic  excited 
state  curves  and  possibly  incur  predissociation  in  a  species 
such  as  CIO. 
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INTERHALOGEN  SPECTROSCOPY 


B  . 

The  existence  of  ionic  excited  states  in  the  homonuclear 

(52) 

halogen  molecules  is  well  established.  The  halogen  lasers 

Br2,(9)  and  I2<10)  and  F2<8)  have  ionic  upper  levels  and  are 
generally  consistent  with  the  candidate  criteria  discussed  pre¬ 
viously.  The  larger  class  of  interhalogens  should  also  be  con¬ 
sidered  as  laser  candidates  since  the  presence  of  ionic  excited 
states  in  these  molecules  provides  the  possibility  of  efficient 
formation,  visible  laser  transitions,  and  room  temperature 
operation.  The  similarity  of  the  excited  ionic  states  of  the 
interhalogens  to  the  gound  state  alkali  halides  derives  from 
the  fact  that  an  excited  halogen  atom  has  a  tightly  bound  core 

similar  to  that  of  the  neighboring  ground  state  alkali  atom. 

4 

For  example,  the  electron  configuration  of  excited  Br*:(4p)  5s 
and  ground  state  Rb:(4p)b5s  both  include  a  core  of  tightly 
bound  4p  electrons  and  a  loosely  bound  5s  valence  electron. 

The  ionization  potential  of  the  5s  electron,  3.98  eV  for  Br* 
and  4.18  eV  for  Rb,  are  quite  close  as  well  as  the  second  ioniza¬ 
tion  potential  of  a  4p  electron,  27.5  eV  for  Rb  and  19.2  eV  for 
Br*.  This  will  result  in  a  chemistry  which  is  kinetically  and 
generically  similar  for  Br*  and  Rb.  One  consequence  of  this  is 
the  ability  to  form  an  excited  ionic  state  via  the  neutral 
or  harpoon  reaction: 

Br*  +  AC1  -*•  Br+  Cl”  +  A 

which  occurs  via  the  Br*  +  Cl  curve  crossing  with  the  Br+  +  Cl 

4 

potential  curve.  This  crossing  is  ensured  since  the  Br* (  P,.^) 

metastable  energy  of  7.86  eV  is  below  the  assymptote  of  the 

lowest  ionic  curve  for  B+(3P_)  +  Cl”(1Sn)  at  8.23  eV . 

r  z  u  i  + 

The  interhalogen  ground  electronic  state  7.  has  been 

well  characterized  as  shown  in  Table  15.  There  is  much  less 

information  about  the  low  lying  excited  molecular  ^TTn  ..  0 

states  resulting  from  combination  of  halogen  atoms  in  the  ground 

3  3 

spin-orbit  states  p±/2  anci  P3/2*  Figures  47,  48  and  49 
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TABLE  15. 


INTERHALOGEN  GROUND  STATE 


PARAMETERS 


1,.+ 


R  "  D  " 


(A°) 

.  -1. 

(cm  ) 

V-/ 

(ev) 

Ref erenc 

BrC  i 

2.14 

443 

2.  25 

(26) 

ic: 

2.  33 

382 

2.  19 

(27) 

IBr 

2.49 

267 

1 . 84 

(28) 

FC  >' 

1.63 

784 

2.59 

(29) 

FBr 

1.76 

673 

2.  42 

(26) 

FI 

1.91 

612 

2.91 

(26) 

Rq" :  equilibrium  internuclear  separation 

o"  :  vibrational  level  separation 
Dq" :  dissociation  energy 
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Figure  49.  Approximate  Potential  Energy  Curves  for  IBr 
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show  these  lower  excited  molecular  states  for  I  Cl,^^^  Br  Cl*10^ 
and  I  Br.  The  excited  ion-pair  states  of  these  molecules 

has  not  been  considered  previously. 

The  following  analysis  predicts  the  features  of  the  inter- 
haloqen  ion-pair  excited  states  and  the  wavelengths  of  expected 
laser  transitions.  It  is  assumed  for  these  purposes  that  the 
lowest  ion-pair  states  correlating  with  the  lowest  halogen 
positive  ion  states  X+(^P_  .  .)  have  the  same  shape  and  are 
separated  at  the  potential  minima  by  the  JP2  ^  ^  level  separations. 

The  excited  state  ion-pair  potential  curve  for  interhalogen 
diatomics  has  been  approximated  by  a  truncated  Rittner  potential ^ ^ ^ 
with  a  repulsive  term  of  the  Born-Mayer  form.^^2^  This  approxi¬ 
mation  includes  the  ion-ion  polarization  terms  which  are  impor¬ 
tant  for  the  interhalogen  X+  Y  pairs  due  to  the  sizeable 
positive  ion  polarizability.  These  polarizabilities  for  halogen 
atoms  can  be  estimated  from  the  negative  ion  polarizabilities 
by  methods  discussed  elsewhere .  ^ 1 1 A  comparison  of  these  polar¬ 
izabilities  in  Table  16  shows  the  halogen  positive  ion  polariz¬ 
abilities  are  a  factor  of  ~  2  greater  than  those  of  the  cor¬ 
responding  alkali  atoms .  ^ '  As  an  example,  the  polarization 
terms  contribute  ~  16%  to  the  calculation  of  the  ion-pair 
binding  energy  for  Cl+  F  . 

Table  17  lists  the  results  of  these  calculations  and  compares 
the  interhalogen  ion-pair  state  features  to  those  of  the  alkali 
halides.  In  general,  note  that  the  interhalogen  equilibrium 

separation  is  small  and  the  binding  energy  is  greater  than  the 
corresponding  alkali  halide.  This  is  a  result  of  the  stronger 
ion-ion  polarization  interaction  between  halogen  ion  pairs. 

To  estimate  the  interhalogen  wavelengths  expected  to  exhibit 

strong  lasing  transitions,  assumptions  concerning  the  lower 

levels  are  necessary.  Analogous  to  the  identification  of 

the  lasing  transitions  in  I2  and  Br2,  it  will  be  assumed  that 

the  strong  interhalogen  transitions  will  also  occur  between 
3  3 

it 2  -*  7T ^  molecular  states.  As  shown  in  Section  III,  the  I2 
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TABLE  16.  HALOGEN  POLARIZABILITIES 
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TABLE  17 


INTERHALOGEN  IONIC  STATE  COMPARISON 


INTERHALOGEN 


Re(A°)(a) 

EB  ( ev) 

fcc 

2.13 

6. 52 

FBr 

2.  34 

6.09 

FI 

2.40 

6.22 

C£  F 

2.  16 

6.  32 

CC  Br 

2.  55 

5.63 

CC  I 

2.63 

5.69 

BrF 

2.  38 

5.86 

BrCC 

2.  56 

5.56 

BrI 

2.87 

5.18 

IF 

2.46 

5.82 

ICC 

2.66 

5.50 

IBr 

2.89 

5.08 

ALKALI  HALIDE 


Re  ( A°) 

Eg  (ev) 

NaCC 

2.  36 

5.75 

NaBr 

2.  50 

5.54 

Nal 

2.71 

5.22 

KF 

2.  17 

6.04 

KBr 

2.82 

4.93 

KI 

3. 05 

4.60 

RbF 

2.27 

5.79 

RbCC 

2.79 

4.92 

Rbl 

3.  18 

4.42 

C  F 
s 

2.  35 

5.66 

c  cc 

s 

2.91 

4.87 

C  Br 

3.07 

4.71 

s 


(a)  Re  is  the  equilibrium  internuclear  separation 

(b)  Eg  is  the  ion-pair  binding  energy 
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3 


lower  laser  level  " ^  is  a  low  lying  excited  state  nested  within 

the  qround  electronic  state  manifold.  The  low  lying  excited 

states  shown  in  Figures  47-49  indicate  similar  nested  states  for 

3  3 

the  interhalogens.  It  will  be  assumed  that  the  it]_  and  v 


curves  are  as  close  for  interhalogens  as  they  are 


(23) 


for  I . 


(~  .1  eV)  and  this  difference  will  be  neglected  here. 

Table  18  lists  the  predicted  laser  wavelengths  for  the 

interhalogen  molecules.  The  wavelengths  have  been  indicated  for 

transitions  originating  from  the  two  lowest  ion-pair  states 

which  correlate  with  the  separate  atoms  X+(^P_)  +  Y  (^S.)  and 
+  3-1  /  u 

X  (  Pi  0>  +  Y  (  Sg) .  Also  listed  are  the  strongest  fluorescence 

bandheads  observed  in  our  e-beam  pumping  experiments  and  also 
the  demonstrated  laser  transitions .  The  largest  varia¬ 

tion  is  <  10%  and  results  form  the  uncertainty  in  estimating 
the  lower  state  of  the  transition.  In  these  calculations  the 

3 

lower  energy  level  is  taken  to  be  the  n2  potential  minimum. 

The  observed  transitions  appear  to  be  originating  on  the  higher 
ion-pair  state.  This  is  consistent  with  possible  formation 
channels  and  will  be  discussed  below  in  the  kinetics  section. 
Figure  50  shows  an  estimated  potential  curve  for  I  Cl  based 
upon  the  analysis  of  this  section.  Figures  51  and  52  show 
microdensitometer  traces  of  I  Cl*  and  Br  Cl*  spectra  for 
different  gas  mixture  compositions.  Note  that  the  strong 
interhalogen  bands  overlap  the  weaken  Br2*  and  l2*  bands. 
Fluorescence  data  was  also  obtained  for  I  Br*  and  BrF*. 


127 


zMVCO  EVERETT 


TABLE  18.  COMPARISON  OF  PREDICTED/OBSERVED 
INTERHALOGEN  SPECTRA 


•  ESTIMATE  TRANSITION  BAND  WAVELENGTHS 

*  1 

X+(3P_  J  +  Y~(1S  )  ->  3n.  . 

1,0  o  1 ,  / 

x  (jp2)  +  y  (\so)  -  Jn1?2 


X+Y~ 

X^  (nm) 

X2  (nm) 

XOBS(nm) 

IF 

480 

700 

491(15) 

ice 

450 

670 

430 

IBr 

380 

510 

390 

BrF 

350 

400 

355 

BrCe 

340 

370 

315 

BrI 

270 

300 

— 

CUF 

310 

320 

284 (14) 

CJ.Br 

260 

270 

— 

CHI 

250 

260 

— 

Fee 

160 

— 

FBr 

150 

— 

FI  140 
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Figure  52.  E-Beam  Excited  BrCH*  Fluorescence 
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C.  INTERHALOGEN  KINETICS 

Two  possible  formation  channels  into  the  ionic  state 
may  be  used  to  advantage  in  direct  e-beam  pumping  of  high  pres¬ 
sure  gas  mixtures.  These  formation  processes  leading  to  the 
interhalogen  excited  ion-pair  species  XY*  =  X+  Y  include  ion- 
ion  recombination 

X+  +  Y_  +  M  -  XY*  +  M 
and  the  neutral  reaction 

X*  +  AY  ►  XY*  +  A 
1 .  Ion  Formation  Channel 

The  ion  pathways  may  be  accessed  through  the  predissociation 
of  neon  halide  species  into  halide  positive  ions.  It  is  well 
established ^  that  Ar+  Br  predis soc iaties 

Ar  Br*  -  Ar  +  Br*  (4P) 

4 

into  the  manifold  of  bromine  P  states.  Similar  processes 
occur  for  Ar  Cl*f  Arl*  and  NeF*  to  yield  Cl*,  I*  and  F*.  This 
predissociation  follows  from  the  curve  crossings  shown  in 
Figure  53  which  occurs  at  the  minimum  of  the  Arl*  potential 
curve.  Similar  predissociation  is  predictable  for  the  neon 
halides  Ne  Br*,  Ne  Cl*  and  Nel*.  However,  in  this  case,  the 
predissociation  should  yield  Br+ ,  Cl+  and  I+  as  indicated  in 
Figure  54.  The  predicted  interhalogen  formation  kinetics  for 
Ne/AX/BY  mixtures  of  high  pressure  Ne  and  halogen  bearing 
molecules  AX,  BY  is  characterized  by  the  example 

e  +  Ne  -*■  Ne+  e  +  e 
P  P  s 

.  j  AX  -*  X~  +  A 
es  + 

^  BY  -*■  Y  +  B 

Ne+  +  X-  +  Ne  -*•  KeX*  +  Ne 
NeX*  -*■  X+  +  Ne 
X+  +  Y~  +  Ne  -*■  XY*  +  N 
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Figure  53.  Estimated  Potential  Curves  for  Arl 
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Many  pathways  have  been  ignored  in  this  simple  example,  however, 

(14  ) 

such  a  scheme  can  describe  the  recent  C1F*  laser  demonstration 
in  Ne/F2/Cl2. 

2 .  Neutral  Formation  Channel 

In  general,  the  neutral  reaction  channel  is  not  easily 
accessed  in  direct  e-beam  excitation.  However,  as  mentioned 
above,  mixtures  excited  halogen  atoms  may  readily  be  formed  in 
rare  gas/halooen  mixtures  by 

Ar2+  +  I_  Arl*  +  Ar 

Ar  I  *  ■*  Ar  +  I* 

as  indicated  in  Figure  46,  and  also  by 

Ar 2+  +  Br~  ►  ArBr*  +  Ar 

ArBr*  -*•  Ar  +  Br* 

and 

Ne2+  +  F~  -*•  NeF*  +  Ne 
NeF*  -*■  Ne  +  F* 

In  this  case,  the  formation  of  an  ionic  state  via  the  neutral 
reactions 


Br*  +  CF3C1  ->  BrCl*  +  CF3 
I*  +  cf3ci  IC1*  +  cf3 
F*  +  CF3C1  -*■  FCl*  +  CF3 

become  accessible.  Analogous  neutral  reactions  have  been  ident¬ 
ified^^  as  the  formation  channels  for  Br2*  excited  states  in 
Ar/Br2  and  Ar/BrI  mixtures.  The  interhalogen  formation  channels 
indicated  above  should  comparable  to  those  processes  observed 
in  Ref.  54.  These  neutral  kinetics  rely  on  finding  the  opti¬ 
mum  halogen  donors  and  mixture  composition  such  that  disso¬ 
ciative  electron  attachment  forms  primarily  I  and  Br  .  It 
is  also  important  to  recognize  that  competing  neutral  reactions 
will  be  present  such  as 
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Br*  +  HBr 


-  Br 2*  +  H 
Br*  +  CF3C1  *  CF3Br*  +  Cl 

Examples  of  candidate  molecules  and  gas  mixture  components 
favorable  for  formation  via  netural  reactions  are  shown  in 
Table  19. 

The  experimental  results  shown  above  in  Section  II. B  are 

consistent  with  the  neutral  formation  channels  indicated  in 

Tables  20  and  21.  Particularly  in  the  case  of  IC1*  formation, 

the  exmision  appears  to  be  originating  on  the  ionic  potential 

curve  correlating  with  I+(^PQ)  +  Cl  (lsQ)  which  is  the  second 

ion-pair  state.  The  excited  I*  levels  produced  in  the  predis- 

4  4 

sociation  of  Arl*  have  energies  P,  (6.77  eV)  ,  P..,0  (7.66  eV)  , 

4  ^  . 

Pf/2  (7.55  eV) .  The  details  of  the  dynamics  depend  on  the  P 
brancing  ratios  but  it  is  evident  that  selective  excitation  of 
the  I+(~*Pg)  ion  state  is  possible  and  also  is  consistent  with 
the  shorter  wavelengths  predicted  by  the  ionic  state  model. 
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TABLE  19.  GAS  MIXTURES  FOR  INTERHALOGEN 
FORMATION  VIA  NEUTRAL  CHANNELS 


•  FORMATION  OF  (XY) *  =  (X+Y  ) 


X*  +  AY  -*  (XY)*  +  A 


IONIC  STATE 


I+C£ 

I+F~ 


I+Br” 


GAS  MIXTURE 

Ar/HI/CF3C8. 

Ar/HI/CF4 

Ar/HI/HBr 


Br+C  £* 
Br+F~ 


Br+I 


Ar/HBr/CF3C^ 

Ar/HBr/CF4 

Ar/HBr/CF3I 


F+C  S, 
F+Br 


Ne/F2/CF3CJl 

Ne/F2CF3Br 

Ne/F2/CF3I 
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TABLE  20.  NEUTRAL  FORMATION  CHANNEL  CONSISTENT 
WITH  BrF*  ,  BrC  ?.  *  FLUORESCENCE  RESULTS 


Ar/HBr/CC? 4 ,  NF 3  :  50  PSIA/10t/2t 


Ar  +  e 


Ar  +  e  +  e 
d  s 


Ar  +  2Ar 


Ar  ^  +  Ar 


e  +  HBr  -*•  Br  +  H 
s 


Ar2  +  Br 


->  ArBr*  +  Ar 


ArBr i 


Ar  +  Br*  (5s) 


Br*  +  CCH  ->■  BrC  Z*  +  CCi 


\ 


315  nm 


Br*  +  NF. 


BrF*  +  NF. 


\ 


355  nm 


Br*  +  HBr 


Br~  +  H 


X 


292  nm 
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— S™  “SS SULTS 


Ar'/I2'/CC '4'  HBr  ■■  50  PSIA/30t/l< 


Ar  +  e 


Ar  +  e  +  e 
P  s 


Ar  +  2Ar 


Ar_  +  Ar 


Gs  +  *2 


I  +  I 


Ar*  +  I" 


Arl*  +  A] 


Arl* 


Ar  +  i*  (6s) 


I*  +  CCH 


IC£*  +  CC  l. 


X 


4  30  nm 


I*  +  HBr 


IBr*  +  H 

X,. 


390  nm 


I*  +  I. 


X  +  I 


’342  nm 
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